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Importance and Objective: Rates of physical function (PF) limitations have increased 
over time in middle-aged (40-64 years old) women, however the pathway to functional 
decline has not been fully elucidated.  The aim of this study was to examine the 
independent contribution of muscle fatigue to physical function performance, when 
compared to other known contributors to PF performance.  
Methods: In this cross-sectional study, 104 middle-aged women (52.93 ± 6.10 years; 
BMI =26.38±5.10) were assessed in their performance of a 25-repetition fatiguing task 
in knee flexion and extension at 180 degrees per second and muscular fatigue index 
(MFI) was calculated as peak torque decline from the first three repetitions to the last 
three repetitions.  Physical function was measured objectively through six assessments 
(transfer task, 30 second chair stand, 6-minute walk test, 8 foot up and go, lift and 
carry and lower-extremity physical function composite score).  Physical activity was 
measured using accelerometry and physical activity logs.  Whole body and regional 
composition were measured using Dual Energy X-ray Absorptiometry.  Muscle 
strength was assessed using isokinetic dynamometry for isometric knee flexion and 
extension at 60 degrees, isokinetic knee flexion and extension at 60 degrees per 
second and 180 degrees per second, and muscle quality (MQ) was calculated as 
muscle strength normalized for thigh lean mass.   
Discussion: When controlling for age, percent body fat, muscle quality and moderate 
to vigorous physical activity (MVPA) per day, MFI was only significantly associated 
with transfer task performance (r=.260, p<0.05), and higher MFI was associated with 
slower transfer task time. While MFI contributed to 3.5% of the variance in transfer 
 
 
task performance (p=0.024), percent body fat contributed to 19.4% of the variance 
(p=0.001). Percent body fat was most highly related to all measures of physical 
function.  
Conclusion: The strength of the association between MFI and physical function task 
performance decreased when other independent variables (percent body fat, MVPA, 
MQ) are taken into account.  Therefore, muscle fatigue may be a less important target 
for intervention in this population, when compared to other stronger contributors to 
physical function.   
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Physical function performance, the ability to perform the basic activities 
associated with maintaining independence, is a growing concern in the middle-aged 
population (1).  Rates of physical disability and physical function limitations have 
increased substantially in middle-aged populations, with a higher increase noted in 
women (2).  Physical function limitations are associated with increased risk of falling, 
loss of independence and lower quality of life with advancing age (3).  This trend in 
middle-aged women is of particular concern due to the recent research that has 
identified health status at midlife as an independent and significant determinant of 
health at older age (4)(5)(6).  With our rapidly aging society (7), this raises concerns 
on how to appropriately intervene in an effort to improve health outcomes and 
promote healthy aging among women in their transition to older adulthood. 
Reducing the risk of functional decline across the lifespan is related to 
preventing physical disability in older age (2).  The midlife period in women has been 
identified as a critical timeframe for the onset of physical function limitations, when 
targeted prevention strategies could greatly reduce the risk of declining physical 
function with age (2)(8).  Engaging in physical activity during middle-age years can 
improve health-related outcomes in older age by preventing the loss of muscle mass 
and improving cardiorespiratory fitness (4).  Research also has indicated that the 




more of a dynamic process and can be reversed (9), whereas the prognosis is typically 
poorer in older adults (10) demonstrating the malleable nature of the midlife period for 
effective intervention. 
While the pathway to functional decline has been more fully elucidated in 
older populations (11), research is needed to identify the most salient factors 
determining physical function deficits in middle-age.  The manifestation of functional 
decline in middle-aged populations may be more subtle than the changes seen in older 
adults (12), such that there are preclinical signs appearing before overt mobility 
limitations.  Preclinical signs that may appear in the middle-aged population include a 
reduced walking pace, rest at intervals, or use of a walking aid (13).  The use of 
compensatory strategies, like using the arms of the chair to assist with standing up, or 
modifying the physical task, for example reducing the pace of the task, may indicate 
physical function decline in midlife, whereas self-reported difficulty performing in 
physical functional tasks is typically more indicative of physical function decline in 
older adults (12).   
Currently available research indicates that in middle-age declines in physical 
activity exacerbate a shift in body composition, in which fat-free mass decreases and 
body fat percentage increases (14)(15).  Additionally, muscle quality, defined as 
muscle strength normalized for lean mass, is independently associated with poorer 
physical function in middle-aged women (14), highlighting the importance of both 
lean mass and muscular capacity for optimal functional performance.  The culmination 




However, it is unclear to what capacity muscle fatigue, a valuable parameter of muscle 
function, modulates this decline. 
Muscle fatigue, defined as a decrease in the ability of a muscle to generate 
force, has been shown to be increased to a greater extent in older populations (>65 
years old) during high-velocity dynamic contractions when compared to younger 
people (16)(17)(18).  This task-specific increase in fatigability has implications for 
physical function (19)(20) as older women with a history of falling demonstrate 
greater muscle fatigue compared to older women with no history of falling, 
independent of muscle strength (21).  Muscle fatigue is a valuable variable to assess in 
association with physical function, as muscle fatigue during power-based contractions 
can be representative of the decline in physical performance in older adults throughout 
the day (22).  Older adults are often working at their maximal capacity or utilizing 
compensatory strategies (23) when completing activities of daily living (ADLs), (24).  
Since age is associated with an increase in the level of effort required to perform 
ADLs (24), any reduction in the ability to generate force during a task could worsen 
their performance of the ADLs.  
The etiology of muscle fatigue as it relates to physical function is not well 
elucidated, although there are various possible mechanisms.  Increased muscular 
fatigue associated with aging could be due, in part, to the increased energetic cost of 
muscular contractions (25).  There has been a demonstrated age-related increase in the 
coactivation of agonist and antagonist muscle groups during a muscular contraction 
(25), which has been identified as a compensatory strategy to improve stability during 




contraction of the agonist muscle group (quadriceps) during knee extension is a typical 
motor control strategy that improves joint stability and movement accuracy (27).  
However, the coactivation of antagonist muscles is disproportionately increased in 
muscular contractions performed by older adults (25), and increases the energetic cost 
of work for older populations.  Concerningly, this increased coactivation with 
muscular contractions has been implicated in declines in physical function and 
mobility in older adults (65-90 years old) (24)(28), indicating the unique role that 
muscle fatigue may play in physical function. 
Women in particular are under-represented in exercise science research, and 
even more substantially in muscle fatigue research (29).  Physical function deficits are 
becoming more apparent and increasing temporally in middle-aged women (2), with a 
prevalence of 20% to 40% (30).  Middle age is a critical period for women, with the 
onset of menopause and the subsequent physiological changes associated with this 
transition.  The  hormonal changes associated with menopause can further exacerbate 
the age-related decline in muscle mass (31), muscle strength (32)(33), and muscle 
quality (34), contributing to the vulnerability of this population.  Additionally, during 
midlife, physical activity levels decrease due to socio-behavioral aspects and changes 
in lifestyle, in which physical activity levels decline due to access to fitness facilities 
and perceived barriers to exercising, such as time (35). Age-related declines in 
physical activity and body composition changes also have been identified as factors in 
physical function decline in middle-aged women (14). It has been demonstrated that 
muscle fatigue can contribute to functional decline in older populations (19), however 




population. Understanding the association between muscular fatigue and physical 
function in middle-aged women would allow researchers to determine the merit of 
using muscle fatigue as a targeted measure in intervention studies with middle-aged 
women experiencing functional decline.  Muscle fatigue could be targeted through a 
muscle endurance-based resistance training program emphasizing lighter loads, higher 
repetitions and shorter rest intervals (36), which would be different than an 
intervention emphasizing muscle strength that utilizes higher loads, lower repetitions 
and longer rest intervals. 
Therefore, the primary aim of this study was to assess the strength of the 
association between muscle fatigue and objectively measured physical function 
performance in middle-aged women.  We hypothesized that women with higher MFIs, 
indicating better fatigue resistance, will have better physical function performance on 
five objectively measured physical function tasks, when controlling for age, body 












Physical disability is increasingly impacting middle-aged populations (2).  
Middle-aged women, in particular, are more susceptible than men to functional 
limitations and physical disability associated with increasing age, with 20 to 40% of 
midlife women reporting physical function limitations (8). Physical disability and 
inadequate physical function are of concern as they are related to loss of independence 
and lowered quality of life (37).   While increased prevalence of disability and 
decreased physical function in middle-aged women is concerning, research indicates 
that middle age may be a critical time to intervene to improve physical function 
performance and related health outcomes. Health status during middle-age is 
predictive of health outcomes later in life (38) and the transition from middle-age to 
older adulthood is highly influenced by a number of risk factors in midlife. However, 
the disability pathway in middle-aged women is a dynamic process, such that targeted 
and appropriate intervention may be able to aid in reversing physical function decline 
(8)(9).  
As the US is experiencing a rapid demographic transition due to population 
aging (7), it is imperative to examine health at midlife to optimize healthy aging 
outcomes.  It is estimated that between 2000 and 2050, the number of older adults 




number of middle-aged individuals are transitioning to older adulthood over the next 
several decades (7).  These individuals are entering older adulthood with multiple 
chronic conditions and comorbidities (39).  Mortality for older adults has declined and 
older adults can live longer with chronic conditions than previously (40), therefore, 
while there is a growing number of older adults, older age is met with poorer health.  
It is imperative that we have a comprehensive understanding of successful 
aging across the lifespan. Successful aging is comprised of survival, lack of disability, 
life satisfaction, social engagement, productivity, quality of life, and the absence of 
disease (41).  There is a two-factor model utilized to assess successful aging based on 
both objective and subjective components (42).  The objective component of 
successful aging includes having few chronic diseases, high functional ability and 
little to no pain.  The subjective component of successful aging is the self-evaluation 
of aging and how the individual feels about their aging experience.  Since it has been 
established that health status during midlife is a determinant of  health outcomes in 
older adulthood (43)(44)(4), middle-age is a critical time for targeted interventions 
designed to promote successful aging across our rapidly aging society.   
Successful aging is dependent, in part, upon one’s physical function ability, 
which is defined as the ability to perform basic activities associated with maintaining 
independence (1).  Physical performance limitations are predictive of physical 
disability, increased health care usage, loss of independence, and increased risk of 
mortality, indicating that physical function is independently associated with poorer 
health outcomes (45).  The decline in performance of activities of daily living (ADLs) 




social, and environmental influences (46)(3).  Typically, as we age, there is an 
increasing metabolic cost required to perform ADLs (24).  To maintain their 
independence, some older adults use compensatory strategies to complete ADLs (23), 
such as the modifying of the way in which an activity is performed, and the use of 
these strategies is independently associated with adverse health outcomes (47).  Once 
functional decline and physical disability is apparent in older adults, especially 
women, the prognosis for health-related outcomes is poor, as the majority will 
continue to experience worsened physical function as they age (10).  While this 
pattern of functional decline leading to physical disability has been observed regularly 
in older women, the nature of this association is not as well characterized among 
middle-aged women. It appears that functional limitations are more dynamic during 
midlife, in that declines in physical function can be improved or adequate physical 
function can be maintained (9).  Therefore, adopting health behaviors associated with 
improvement or maintenance of physical function during midlife may be critical to 
reversing functional decline and improving health outcomes as this population enters 
older age, but currently, the literature examining physical function in middle-age is 
limited.     
Our current understanding of the factors that are associated with optimal 
physical function is shaped primarily from studies of older adults (11), as there is a 
wealth of literature examining the most salient contributors to physical function in this 
population.  Research has identified age, physical activity levels, body composition, 
muscular strength and endurance, muscle quality, and muscle fatigue as independent 




information examining the factors associated with physical function performance in 
middle-aged women also show that age, physical activity levels, body composition, 
muscular strength and endurance, and muscle quality are independently associated 
with physical functional ability (14).  However, research assessing how muscle fatigue 
influences functional performance is limited, and most studies examining physical 
function and muscle characteristics have focused on muscle mass, strength and power.  
The lack of clear standardization of the methods in measuring muscle fatigue may be 
contributing to the shortage of research examining this association.   
The following review of literature will examine muscular fatigue and its 
potential influence on physical function performance in middle-aged and older adults.  
The review will also discuss the associations between physical function and other 
more well-established independent contributors including, age, physical activity level, 
body composition, muscle strength, and muscle quality.  Understanding the strength of 
the association between muscle fatigue and physical function, and how this compares 
to other known contributors, will allow researchers to identify potential targets for 
intervention when designing exercise programs focused on maintaining and improving 
physical function in middle-aged women, in hopes of reducing physical disability and 
functional decline with increasing age. 
 
Physical Function Performance in Middle-Age  
Physical function is characterized by one’s ability to perform basic tasks 
involved with living independently (1).  These activities of daily living involve 




(1).  Physical function limitations have demonstrated implications for physical health, 
mental health, risk of falls and bone fracture, quality of life, and healthcare costs (3).  
While physical function ability and its determinants have been extensively examined 
in older populations, less has been done with samples of middle-aged adults.  
Additionally, recent findings from the Study of Women’s Health Across the Nation 
(SWAN) indicate that limitations in physical function are present for a large number 
of middle-aged women; 20% of women aged 40 to 55 had self-report limitations in 
physical function and the prevalence of physical function limitation increased in 
women ages 56-66 to 55% (48).   
The growing prevalence of physical function limitations among middle-aged 
adults is concerning as it is associated with negative implications for various health 
outcomes later in life (49).  Wolinsky et al. (47) longitudinally studied self-reported 
subclinical status, or preclinical disability, and its impact on adverse health outcomes 
in nine hundred ninety-eight African-American men and women ages 49-65, with a 
follow-up of three years.  Subclinical status, or preclinical disability, is an approach 
used in evaluating the pathway of functional decline and this status can be thought of 
as an intermediary step in the disablement process before the onset of perceived task 
difficulty for the individual.  Using subclinical status can identify those who are at risk 
for developing physical function limitations, who may have gone unnoticed when 
assessing with the traditional approach which only evaluated task difficulty. 
Subclinical status was assessed at baseline by examining lower body function, 
activities of daily living (ADL) and instrumental activities of daily living (IADL).  




lower body limitations, difficulty with ADLs and IADLs, physical performance on the 
Short Physical Performance Battery (SPPB), physician visits, hospitalization, nursing 
home placement and mortality.  It was found that subclinical status for functional 
limitations at baseline was predictive of lower-body functional limitations, ADLs, 
IADLs, number of physician visits and hospitalization at follow up.  This work 
demonstrates that compromised physical function in middle-age is predictive of 
worsened health outcomes as one ages.  The pathway to physical disability and 
disablement can be viewed as a process, and as these conditions depend partially on 
one’s ability to have adequate physical function, it is imperative that we understand 
the factors that contribute to physical function across the lifespan.  As there is 
significant lack of literature addressing physical function performance in middle-age, 
this highlights the need for additional research in this area. 
 
Muscle Fatigue: Definition, Measurement and Associations with Age, Sex, and 
Physical Function 
Muscular fatigue is defined as the decline in the ability of a muscle to generate 
force (50).  Skeletal muscle fatigue is characterized by a decline in performance 
characterized by a reduction in force generated with repeated muscular contraction 
that can be reversed with recovery (51).  Muscle fatigue has both central and 
peripheral components. Peripheral fatigue is the reduced ability of the muscle cells to 
produce energy metabolically, while central fatigue originates from the central 
nervous system and decreases neural drive to the muscle (52).  It has been suggested 




fatigue responses is due to peripheral factors. (53). This demonstrates that the majority 
of force decline with repeated muscular contraction is related to metabolic 
components, rather than neural drive (54).  Specifically, the primary driver of 
peripheral fatigue is the accumulation of inorganic phosphate (Pi)(55), resulting from 
the rapid breakdown of creatine phosphate.  In addition to accumulated Pi, the 
anaerobic breakdown of glycogen during glycolysis also leads to increased levels of 
H+, as it rapidly dissociates from lactic acid, thus decreasing the pH level of the blood, 
hindering enzyme activity and contributing to the onset of fatigue (56).  It was 
previously thought that lactic acid accumulation was the cause of skeletal muscle 
fatigue, however, it is now understood that excess Pi decreases maximal cross-bridge 
force, causing a decline in force generation, thus contributing to muscle fatigue (56). 
Research has indicated that muscle fatigue is independently related to physical 
function.  There is an age-associated increase in muscular fatigue (17), which has been 
independently associated with a decline in physical function (19)(28), particularly 
during fast dynamic muscular contractions (16), that has been demonstrated in adults 
over 80 years old (57).  Older adults experience an increased energetic cost of 
muscular contractions by the increased coactivation of agonist and antagonist muscles 
during muscular contractions (25).  The increase in coactivation with contractions has 
also been associated with decreased physical function and mobility in older adults 
ages 65-90 years old (24)(28).  Since there is an increase in the level of effort required 
to perform ADLs in older adults, any reduction in the ability to generate force can 
significantly impact physical function outcomes, indicating the importance of 




Measuring and Quantifying Muscle Fatigue 
Muscle fatigue can be measured in several ways.  One noninvasive measure of 
muscle fatigue is the Fatigue Index (58).  This is a quantitative measure of muscle 
endurance that directly indicates the reduction in force-generating capacity of a muscle 
(58). The Fatigue Index can be calculated by determining the difference in average 
peak torque generated at the beginning of a fatiguing task and average peak torque 
generated at the end of a fatiguing task (i.e. difference in average peak torque from the 
first three repetitions and last three repetitions in a 25 repetition knee extension flexion 
task) (59).  This is typically measured using isokinetic dynamometry, which is 
laboratory measure that allows the working muscle to contract at a constant velocity 
(60).   
While the Fatigue Index has widely been used for quantifying fatigue in 
various populations, the calculation used to derive Fatigue Index is variable across 
literature (58)(59)(61).  Milner-Brown et al. (58) first tested the reproducibility and 
reliability of the methods in measuring and quantifying muscle fatigue.  Fatigue Index 
was calculated as the initial maximum force minus maximal force after 60 second 
contraction divided by the initial maximum force and multiplied by 100.  Fatigue 
Index was cited as a reliable measure to quantifying human muscle fatigue.  Gentil et 
al. (59) also utilized the Fatigue Index and calculated FI as percent peak torque 
difference in the first and last three repetitions of the fatiguing protocol.  The FI was 
used by Katsiaras et al. (61), measured as (final torque/initial torque) x 100.  Lastly, 
Silva et al. (62) examined muscular fatigue calculated using the Fatigue Index as 




/ W former 1/3 x 100).  While the calculation used to determine Fatigue Index is 
variable across literature, all of these calculations indicate the rate of torque decline 
over the course of a fatiguing task. 
Muscle Fatigue and Aging 
When assessing age-related changes in fatigue, the findings are highly 
dependent on both contraction type (isokinetic vs. isometric) and contraction velocity.  
Dynamic tasks have been associated with greater fatigue in older adults compared to 
isometric tasks, whereas isometric force losses are similar in younger (18-40 years 
old) (63) and older adults (>65 years old)(63), and in some instances, older adults have 
even been shown to be more fatigue resistant during isometric tasks compared to 
younger adults (22).  Therefore, the preferred method of muscular capacity 
assessment, isokinetic testing, can measure torque across the entire range of motion of 
a joint during repetitive contractions, which has been shown to be a more integrated 
assessment of muscular endurance, strength, and fatigue in older adults (64).  
Isokinetic assessments may be more indicative of the functional capacity of muscle 
and identify those at risk for mobility impairments.   
Contraction speed during isokinetic induced fatiguing tasks is also an 
important factor to consider when quantifying fatigue.  An isokinetic fatiguing task of 
100 repeated maximum knee extension contractions at 90 degrees per second resulted 
in no significant difference in Fatigue Index between younger and older participants 
(65).  Dynamic fatiguing tasks at low (60 degrees/second) to intermediate contraction 
speeds (120-180 degrees/second) have also been shown to produce no significant 




older adults demonstrate increased fatigability during isokinetic fatigue testing at high 
contraction velocities (typically above 270 degrees/second), compared to younger 
adults (19)(68), specifically in the knee extensor muscles (19).   
Baudry et al. (69)(2007) compared the neuromuscular fatigability of the ankle 
dorsiflexor muscles during five sets of thirty maximal concentric and eccentric 
contractions in young (22-47 years old) and old (72-87 years old) individuals.  The 
mechanism underlying age-related fatigue was also investigated in this study using 
superimposed electrical stimulation, which evaluated the activation of the muscle 
during contraction, and they found greater fatigability of the ankle dorsiflexor muscles 
in older adults compared to younger.  Muscle fatigue in both younger and older adults 
was associated with peripheral factors stemming from calcium-controlled excitation-
contraction coupling processes.  However, only older adults experienced a change in 
M-wave amplitude and area with fatigue.  A decline in M-wave amplitude in older 
adults, signifying a reduction in muscle action potential, indicates that fatigue in older 
adults may be attributable to reductions in peripheral excitation, or potentially, the 
insufficient propagation of the nerve potential.  Contrastingly, Lanza et al. (70) 
assessed fatigue of the ankle dorsiflexor muscles during intermittent isometric and 
dynamic maximum voluntary contractions and discovered that there is greater fatigue 
resistance in older men (72 +/- 4 years) compared to younger men (26 +/- 4 years).  
This study also assessed both central activation, using electrical stimulation, and 
peripheral excitability, by evaluating the compound muscle action potential (CMAP).  
There was no observed central activation failure associated with fatigue in both the 




in the younger men before exercise; however, fatigue did not impact CMAP amplitude 
from the fatiguing tasks in either group.  There were no age-related alterations in 
central or peripheral activation that explained why older men in this study were more 
fatigue resistant.  They postulated that greater fatigue resistance in older adults was 
related to factors in the muscle itself, such as age-related changes in muscle 
metabolism, in which older adults experience less accumulation of Pi and H+ protons, 
which both are inhibitory metabolites that play a role in muscle fatigue development.  
Baudry et al. (69) utilized a lower speed of movement (50 degrees per second rather 
than 90 degrees per second) compared to Lanza et al. (70) and the concentric and 
eccentric contractions began after an isometric maximal voluntary contraction (MVC), 
resulting in full activation of the involved muscles for the contraction and this may 
explain the discrepancy in findings between these two studies. 
Limited research suggest that there may be an age-related increase in 
fatigability during maximal dynamic contractions (19)(69)(68).  Increases in muscular 
fatigability with age occur as a result of neuromuscular factors, including 
neuromuscular fatigue (69) and decreased motor unit recruitment(71)(72); however, 
the mechanism for this decline may be related to metabolic capacity, as age is 
associated with decreased capacity for oxidative ATP synthesis, related to a decline in 
mitochondrial function with age (73).   
Muscle Fatigue and Sex 
There are a number of established sex differences that can impact one’s 
resistance to fatigue (29) and these differences are specific to the fatiguing task.  




intensity, or percentage of maximal strength, compared to men, despite men typically 
having greater absolute muscular strength compared to women (29).  It is not well 
understood whether this fatigue resistance in women is the same for dynamic tasks, as 
there have been variable findings across the literature (74).  The proposed mechanisms 
responsible for sex differences in muscle fatigue include contractile mechanisms, as 
there is a higher energy utilization in men than in women attributable to contractile 
speed, which reflects the reduced capacity for aerobic energy production in men when 
compared to women (75).  Women are also underrepresented in fatigability research, 
possibly due to hormonal fluctuations and pregnancy, which further emphasizes the 
need for research focusing on muscle fatigue in this population. 
Muscle Fatigue and Physical Activity 
While the age-related decline in physical activity can contribute to muscle 
mass and strength loss associated with aging (76), there is inconclusive evidence on 
whether this same relationship exists for muscle fatigue.  Examining fatigue during an 
isokinetic fatiguing task could show function across the entire functional range of 
motion during repetitive contractions and may provide more insight into one’s 
functional capacity and be more sensitive in identifying physical function decline than 
only assessing muscle strength or mass (64).  It has been established that regular 
physical activity improves muscle function and can reduce the susceptibility to muscle 
fatigue in individuals of all ages (77).  Depending on the type of physical activity, 
there are various ways in which physical activity can enhance fatigue resistance, 
including an increase in enzymes that improve oxidative metabolism and an increase 




maximal unloaded shortening velocity, in type I muscle fibers, which can make them 
more fatigue-resistant (78).  The impact of physical activity on muscle fatigue has 
been well-studied in younger athletic populations, however more research is needed 
focusing on these associations in middle-aged and older aged populations.   
In 1990, LaForest et al. (79) explored the impact of an active lifestyle on 
muscle strength and muscle endurance, and fatigue, in eighty younger and older men 
and women.  This study was comprised of the groups: young active men (30.4 +/- 3.3 
years), young active women (27.5 +/- 4.3 years), elderly active men (64.4 +/- 3.7 
years), elderly active women (65.3 +/- 4.5 years), young sedentary men (29.2 +/- 3.4 
years), young sedentary women (25.6 +/- 4.4 years), elderly sedentary men (65.2 +/- 
3.2 years), and elderly sedentary women (65.6 +/- 4.4 years).  Muscle fatigue was 
measured with a cumulative fatigue index (FI) for a fifty-repetition task at 3.14 rad/s.  
FI in that study divided the sum of the peak torque from the last twenty-five 
contractions by the sum of the peak torque from the first twenty-five contractions in a 
fifty-repetition task at 3.14 rad/s.  No age-related difference in fatigability were found, 
however the active group, across both genders and age groups, was significantly more 
resistant to fatigue than the sedentary group (p-value < 0.05).    
 A 2011 meta-analysis by Avin and Law (80) looked at the variation of age-
related differences in muscle fatigue by contraction type (isometric vs. isokinetic), and 
assessed physical activity in its association as a moderating variable to muscle fatigue.  
Physical activity level was not significantly related to muscle fatigue, across all 




active or sedentary, with no indication of volume of activity, which can limit the scope 
of assessing the continuum of physical activity levels. 
 It is plausible to expect that physical activity levels would play a role in the 
development of task-specific muscle fatigue, which can further depreciate physical 
function loss with age.  However, based on the current literature, there is still no clear 
association between physical activity and muscle fatigue.  Current literature is limited 
by smaller sample sizes and binary assessments of physical activity.  It has already 
been established that decreased physical activity levels with age can contribute to the 
onset of muscle mass and strength loss, particularly in women (14).   
Muscle Fatigue and Physical Function 
When specifically examining muscular fatigue in laboratory based conditions 
using isometric dynamometry, task-specific increases in fatigue with age have been 
shown, such that older adults experience greater fatigue, or loss of muscular 
production capability, during high-velocity dynamic contractions, compared to 
younger adults (17)(16)(18).  If aging is associated with a more significant loss in the 
ability to maintain force output, as demonstrated by increasing muscle fatigue, 
muscular fatigue may be an important factor to measure when examining the 
independent factors associated with one’s ability to complete activities of daily living 
with undue stress.   
Independent of losses in muscle strength and quality, muscle fatigue has been 
linked to physical function deficits of older age (over age 65) (21).  However, it is 
important to note that the current literature examining the associations between muscle 




variation in physical function assessments used among studies.  Additionally, fall risk 
and physical function are highly related, as physical function performance is an 
independent predictor of one’s risk of falling (81).  Due to the interrelationship 
between physical function and fall risk, for the purpose of this literature review, fall 
risk will be included under the domain of physical function. 
A 1997 study by Schwendner et al. (21) examined age differences in 
fatigability in women with and without a history of falling.  Twenty-nine young 
women (mean age of 21.6 years old), twenty-six older women with a history of falls 
(>65 years old), and twenty-seven older women with no history of falls (>65 years 
old) completed repeated concentric contractions of the quadriceps using isokinetic 
dynamometry at a contractile speed of 60 degrees per second until force output was 
below 50% maximum voluntary contraction (MVC) for two consecutive repetitions.  
Older women with a history of falls were faster to fatigue during the task, compared to 
the other groups (both p<0.05).  Interestingly, muscular strength, measured by MVC, 
was not significantly different between the women with a history of falls and women 
with no history of falls, suggesting that muscular fatigue may play an independent role 
in fall risk.   
 The relationship between fatigability and physical function in older adults was 
further elucidated in a study published in 2014 (28).  Fatigability was assessed by 
submaximal isometric contraction of the dorsiflexor muscles in which participants had 
to maintain a foot position while supporting a load of 20% one repetition maximum.  
Mobility was measured via a sit-to-stand task and time to walk 500 meters.  Older 




(19-30 years old) and fatigability of the dorsiflexors was significantly correlated with 
motor function.  Coactivation, a valuable motor control strategy where agonist and 
antagonist muscles surrounding a joint contract simultaneously (82), was also found to 
be associated with various components of motor function, including sit-to-stand time 
(p<0.05), strength (p<0.05) and steadiness (p<0.05) only in older adults.  Increased 
coactivation with age has been posited as a compensatory strategy that older adults use 
to provide joint stability during ADLs (26).  This presents a possible mechanism for 
the unique role that muscle fatigue may play in determining physical function 
outcomes, as increasing muscle coactivation of agonist and antagonist muscles during 
a contraction can increase the energetic cost of work (25), thus resulting in more 
difficulty completing activities of daily living. 
Kent-Braun et al. (67) assessed muscle weakness, fatigue and torque variability 
in relation to mobility status, using the Short Physical Performance Battery (SPPB) in 
young and old women.  Eight young healthy women, nine older healthy women and 
eight older women with mild to moderate mobility impairments underwent assessment 
of muscle fatigue using a four-minute protocol of maximal dynamic contractions at 
120 degrees per second, an intermediate velocity, and was quantified with the 
equation: 100 x (average of final 5 contractions) / (average of peak dynamic torque at 
baseline and peak torque achieved through the fatigue protocol).  Fatigue was not 
significantly different across the three groups; however peak torque was higher in the 
younger group compared to both older groups (both p<0.001) and peak torque was 
higher in the older healthy group compared to the older group with mobility 




impaired group, compared to the younger group.  Mobility status and muscular fatigue 
resulting from an intermediate-velocity dynamic fatiguing task were not significantly 
associated; however, the findings support the idea that muscle weakness and muscle 
fatigue are independent of one another in their role in muscle function.  While this 
novel finding contributes to the small amount of literature in this area, the small 
sample size of this study (n=25) limits the generalizability of this study. 
Senefeld et al. (19) examined age-related fatigability during high-velocity 
dynamic contractions of the elbow flexor and knee extensor muscles in relation to 
functional performance (balance and walking endurance) in thirty-five young (18-31 
years) and thirty-two older (60-85 years) healthy men and women.  Participants 
performed three sets of thirty maximum voluntary concentric contractions (MVCC), 
with each set followed by one maximum voluntary isometric contraction (MVIC).  
The physical function performance of only the older adults was assessed through a 
balance assessment and the 6-Minute-Walk-Test (6MWT), which were both evaluated 
in the introductory session.  Self-report physical activity was also collected from both 
younger and older adults.  The knee extensor muscles were more impacted by age-
related increases in fatigability than the elbow flexor muscles (p=0.014).  Higher 
fatigability of the knee extensor muscles was associated with poorer physical function 
in older adults as indicated by less walking endurance and depressed balance, in 
addition to lower physical activity levels.  This same effect on physical function was 
not found in the elbow flexor muscles.  The loss of ability to perform tasks with the 




older adults (83), which makes evaluating age-related changes in muscles of the lower 
body most important in its association to mobility and functional decline.  
Contrastingly, Roshanravan et al. (64)(2016) examined isokinetic work and 
fatigue and their associations to persistent severe lower extremity limitation (PSLL) 
and all-cause mortality in 71-82-year-old adults.  The Fatigue Index, measured using 
30 maximal knee extensions at 180 degrees per second, was not associated with PSLL 
or all-cause mortality.  Both Senefeld et al. (2017) and Roshanravan et al. (2016) 
examined the associations between knee extensor muscle fatigue and functional 
performance, however methodological differences may be responsible for their 
conflicting findings.  PSLL was measured subjectively and defined as two consecutive 
reports of having difficulty or being unable to walk a quarter of a mile or climb ten 
steps without resting, which was evaluated at all 6-month follow-up visits, while 
Senefeld et al. (19) used the Berg Balance and six-minute walk test to measure 
physical function. Roshanravan et al. (64) used a binary approach (classified as either 
presence or no presence of PSLL) to assess functional performance and may 
underestimate the presence of functional limitations, as functional performance is 
often viewed as a process or a continuum.  The way each study evaluated physical 
function also targeted different characteristics of physical function, which may have 
impacted the results.  The presence of PSLLs indicated the loss of cardiorespiratory 
endurance, while Senefeld et al.’s study (19) investigated balance, in addition to 
cardiorespiratory endurance and muscular endurance during the 6MWT.  Furthermore, 
the methods of these study were vastly different in their fatiguing tasks.  The Senefeld 




MVCCs with each set of MVCCs followed by one MVIC, while the Roshanravan et 
al. (64) study had a fatiguing task of thirty maximal knee extensions at 180 degrees 
per second.   
The variations in the methods used to assess both muscle fatigue and physical 
function across studies limits the ability to draw conclusions about the independent 
role that muscle fatigue plays in determining physical function. When evaluating these 
associations, it is also important to consider the specificity of the fatiguing protocol 
(contraction type and velocity), in that it should appropriately simulate the type of 
fatigue that would theoretically occur during completion of ADLs.  As natural gait can 
produce knee angular velocities over 350 degrees/second while walking and 140 
degrees/second when standing from a chair (84), this highlights the importance of 
testing at intermediate to higher contraction velocities. There is further research 
needed to establish the optimal method for assessing muscular fatigue when 
examining the association between muscular fatigue and physical function in different 
populations.   
 
Other Established Factors Associated with Physical Function: Body 
Composition, Physical Activity, Muscle Strength, and Muscle Quality 
Body Composition  
 Aging is associated with changes in body composition, specifically an increase 
in fat mass and decrease in lean muscle mass (85).  The lean mass decline occurs more 
prominently in muscles of the lower body (86)(87), and this may have a significant 




body.  Women are at an increased risk for more dramatic decreases in muscle mass, 
due in part to hormonal changes associated with the menopause transition in midlife 
(88).  Muscle mass begins to decrease after the third decade and begins to accelerate in 
its decline after the fifth decade of life in women (89).  The accelerated decline after 
age 40 may be associated with hormonal changes resulting from the menopausal 
transition (90).  Menopause, the cessation of menstrual periods with the loss of ovarian 
follicular activity, is associated with increased hormone instability (91) and these 
dramatic hormone changes are associated with increases in body fat, and declines in 
muscle mass (31).  The decline in estrogen with menopause is associated with a loss in 
bone mineral density (BMD), an increase in visceral adiposity, an increase in the risk 
of metabolic disorders and a decline in quality of life (92).  Loss of muscle mass with 
age is an independent predictor of falls and is associated with an increased risk of 
functional limitations and physical disability with age (93).  The impact of aging on 
muscle mass loss can have modulatory influences from variables including smoking, 
sedentary lifestyle, poor health, height, weight and genetic influences (94).   
 Maltais et al. (88) identified various factors that contribute to muscle mass and 
strength loss in post-menopausal women.  Sex hormones play an important role in the 
decline in muscle mass associated with menopause as estrogen and insulin like growth 
factor -1 (IGF-1), a hormone important in muscle protein synthesis that mediates the 
effect of pituitary growth hormone (95), both decline with menopause.  Decreased 
estrogen is also associated with increases in oxidative stress, which is a contributing 
factor to sarcopenia (muscle mass loss associated with aging).  Growth hormone (GH) 




menopause, further accelerating the loss of muscle mass and may play a role in 
increasing visceral fat.  Additionally, menopause is associated with a decline in 
dehydroepiandrosterone, or DHEA, a prohormone that helps in the synthesis of sex 
hormones, which has been associated with reductions in muscle mass and worsened 
physical performance.  These hormonal changes associated with menopause play an 
integral role in muscle mass loss in post-menopausal women. 
 A more recent longitudinal study further examined the association of the 
menopause transition and changes in body composition (90).  One thousand two 
hundred and forty-six participants with a mean baseline age of 47.1 (SD, 2.6) years old 
participated.  They found that increasing fat mass and decreasing lean muscle mass 
was evident prior to the menopause transition, from eight years to two years before the 
final menstrual period (FMP), however this shift in body composition accelerated 
through the menopause transition and stabilized in post-menopausal participants.  
Prior to the menopause transition, fat mass increased by 1.0% per year (p<0.0001), 
which then accelerated to 1.7% (p<0.0001) during the menopause transition, which 
was measured as two years before the FMP to one and a half years after the FMP.   
Before the menopause transition, there was a decrease in lean proportion mass by 
0.2% per year (p<0.0001), while during the menopause transition, this was accelerated 
to a 0.6% decline in lean proportion mass per year (p<0.0001).  This study primarily 
indicates that an unfavorable shift in body composition (loss of lean muscle mass, 
increase in fat mass) occurs in middle age and these changes are further exacerbated 




 Yamada et al. (96) examined age-dependent changes in skeletal muscle mass 
and the visceral fat area in a population of Japanese men and women ages 40 to 79 
years old.  In women from age 40 to 79, visceral fat area increased by 65.3% and the 
skeletal muscle mass index decreased by 6.4%.  Visceral adiposity, fat distribution in 
the abdominal area, is hormonally active, meaning that it releases inflammatory 
cytokines which can contribute to the progression of metabolic syndrome and 
cardiovascular disease (97).  This study suggested that the age-related increases in 
visceral adiposity, and the subsequent release of inflammatory cytokines from this 
metabolically active fat storage, may contribute to the loss of skeletal muscle mass.  
This is plausible as high levels of inflammatory markers, such as interleukin-6 (IL-6) 
and tumor necrosis factor alpha (TNF-ἀ) are associated with a greater decline in 
muscle mass over the course of five years, due to the catabolic impact of these 
markers on muscle (98).  However, Yamada et al. (96) was cross-sectional in its 
assessment and the direction of this relationship cannot be determined by this 
association of high visceral adiposity and low muscle mass.   
 It is evident that there is an age-dependent change in body composition, in 
which muscle mass decreases and fat mass increases, and this is exacerbated in 
women, particularly during the menopause transition (90)(88).  The hormonal changes 
associated with menopause, including declines in estrogen, IGF-1, GH and DHEA 
contribute to this shift in body composition (88).  Lastly, visceral adiposity increases 
significantly in middle-aged women and the catabolic effect of the inflammatory 
markers released may contribute to more muscle mass loss with age (96). 




 These body composition changes associated with aging, particularly in women, 
have implications for physical function.  The loss of muscle mass and increase in fat 
mass with age can contribute to decreases in physical function and vulnerability to 
falls and physical disability (93)(99).  In middle-aged women, sarcopenic obesity, the 
presence of sarcopenia in obese individuals, is associated with worsened physical 
function outcomes, when compared to sarcopenia or obesity independently (100). 
Ward-Ritacco et al. (14) examined the contribution of body composition, 
physical activity, muscle capacity and muscle quality to physical function performance 
in sixty-four post-menopausal women.  Body composition was measured with dual-
energy X-ray absorptiometry (DXA) and physical function was assessed with the 
Timed Up and Go test, 30 second chair stand and 6-minute-walk-test (6MWT).  
Percent fat was found to be an independent predictor of performance in the 6MWT 
and when muscle quality and total number of health conditions were controlled, 
adiposity was still significantly associated with 6MWT performance (p=0.003).  This 
indicates the important role that adiposity plays in determining functional 
performance. 
Bea et al. (101) also examined the association between body composition (total 
lean mass and body fat) and physical function in postmenopausal women.  Physical 
function, which was measured subjectively using the SF-36 Questionnaire, declined 
from baseline to three years of follow-up.  An increase of more than 5% in total body 
fat mass was associated with a greater decline in physical function (p<0.05), compared 
to those with no change in percent body fat.  Women with the poorest body 




a greater decline in physical function over the course of the study.  Interestingly, an 
increase in lean mass of more than 5%, from baseline to three years of follow-up, was 
not protective against worsened physical function (p<0.05), when compared to those 
with no change in lean mass.  These findings emphasize the importance of assessing 
body fatness and lean mass, when examining the association between body 
composition and physical function.  Relevant literature on age-related changes in body 
composition and physical function support the concept that with age, losses in lean 
mass and increases in fat mass independently play a role in worsened physical 
function performance. 
Body Composition and Muscle Fatigue 
 The association between body composition and muscular fatigue is not well 
elucidated.  Goncalves et al. (102) investigated the relationship between body 
composition, muscle fatigue and physical function in a sample of 29 older women 
(68.2 +/- 7.3 years).  Body composition was measured using bioelectrical impedance 
analysis, muscle fatigue was measured with electromyography during a 60-second 
sustained isometric knee extension contraction, and physical function was measured 
using a 10-meter walk test (10MWT), rising from a sitting position (RSP), rising from 
a ventral decubitus position (RVDP) and rising from a chair and walking about the 
house (RCWH).  There was no significant association between lean mass and muscle 
fatigue.  The small sample size of twenty-nine limits the generalizability of these 
findings and more research needs to be done to fully understand the relationship 




Health ABC study, in which there was no significant correlation found between body 
composition and fatigue index (64).   
The current literature examining the association between muscle fatigue and 
body composition suggests that there is no significant relationship between body 
composition and muscle fatigue.  More research needs to be done to understand 
whether age-related changes in body composition may contribute to increased 
fatigability with age.  While changes in body composition with age contribute to a 
decline in muscle strength (103), this same relationship has not been observed with 
muscle fatigue.  It is unexpected to find a lack of an association between muscle 
fatigue and body composition, which further emphasizes the independent nature of 
muscle fatigue and the need to better understand how it contributes to functional 
decline with age. 
Physical Function and Physical Activity 
 Physical activity refers to any bodily movement that elicits energy expenditure 
above resting levels.  The American College of Sports Medicine (ACSM) 
recommends that healthy adults between ages 18 and 65 participate in a minimum of 
150 minutes of moderate-intensity aerobic physical activity or 75 minutes of vigorous-
intensity aerobic physical activity a week, or an equivalent combination, in addition to 
muscle strengthening exercise for all major muscle groups at a moderate intensity or 
higher on two or more days of the week (104)(105).  Measuring physical activity on 
the population-level presents with challenges, as more cost-effective measures, such as 
self-report, can be subject to bias.  Objective measures, such as accelerometer use, are 




physical activity recommendations for both aerobic and resistance training and there is 
a wide range of percentages on how many are achieving the recommended amount of 
aerobic physical activity ranging from 3.4% to 95.6% (107), due to measurement 
approach and cut-point criterion.  However, it is known that there is a marked decrease 
in physical activity and an increase in sedentary behavior with age (108)(109) that can 
have severe implications such as lowered quality of life (110) and an increased risk of 
disease (111) and mortality (112).  Age-related declines in physical activity are 
impacted by education level, socioeconomic status and psychosocial influences in 
which those with lower education levels and socioeconomic statuses are more 
susceptible to greater physical activity depreciation with age (113)(114).  This age-
related decrease in physical activity is greater in women, and can have implications for 
physical function (115)(116)(117).  Higher levels of vigorous-intensity aerobic 
physical activity in middle-aged women has been shown to improve body composition 
(less fat mass, more lean mass) and decrease weight gain associated with menopause 
(118), in addition to improving psychological well-being and lowering the severity of 
both vaso-somatic and general somatic menopausal symptoms (119).  The improved 
body composition with increased physical activity levels indicates the mediating role 
that physical activity also plays in physical function of this population.   
 In 2016, Middlekauff et al. (120) examined physical activity patterns in healthy 
middle-aged women around the menopausal transition to assess whether the 2008 
Physical Activity Guidelines for Americans were met through leisure, household and 
outdoor activities.  This study measured self-reported physical activity in 440 healthy 




Only 25.91% of this cohort met the recommendation for meeting ACSM guidelines.  
However, when moderate, vigorous and muscle-strengthening activity was assessed 
across all domains of physical activity, including household and outdoor activities, 
73.41% of this population met the recommendations, which is markedly higher than 
the observed prevalence of U.S adults.  This indicates that PA research on women of 
middle-age may be under-reporting physical activity, due to the assessment of only 
leisure-time PA without the assessment of household and outdoor activities.  However, 
this study may be limited by its use of self-report measures of physical activity, which 
have a high risk of over-reporting and can be subject to bias.  Also, the middle-aged 
women of this cohort were of a relatively high education level, which has limited 
generalizability to the general population, as education level and socioeconomic status 
are predictive of physical activity levels (114). 
 Age-related changes in physical activity contribute to reductions in lean mass 
and muscle strength of the lower body (121), in addition to deterioration of muscle 
quality (122).  All of these factors increase the risk of developing physical function 
limitations with age and worsening quality of life in older age. 
Physical Function, Muscle Strength and Muscle Quality  
 Muscle strength has been found to be independently associated with physical 
function and research demonstrates that there is a significant decline in muscle 
strength with age (115) and that decreases in physical activity with age and decreased 
lean mass are contributing factors to the muscle strength declines observed with age 
(123).  Murray et al. (124) examined this muscular strength in healthy women ages 20 




extensor and flexor torque using maximum isometric contractions, at 30 degrees, 45 
degrees and 60 degrees of flexion, and an isokinetic dynamic task at 36 degrees per 
second.  Across all tasks and knee joint angles, there was a decrease in strength from 
the youngest group to the oldest group, in which the middle-aged group had 77 to 95% 
of the strength of the youngest group and the oldest group had 56 to 78% of the 
strength of the youngest group.  This loss of strength with age has implications for 
physical function performance and may contribute to the increased risk of disability 
with age (125). 
Brill et al. (126) investigated the relationship between muscular strength and 
the presence of functional limitations at an average follow-up of five years with 3,069 
men and 589 women aged 30 to 82 years.  At baseline, participants were sorted into 
high and low strength groups based on a calculated strength and endurance index 
composite score from their performance on a 1 repetition maximum (1RM) bench 
press, 1RM leg press and a 60-second sit-up test.  This index was calculated with the 
use of age and gender tertiles to group the participant accordingly based on their 
strength index.  Participants also completed a maximal graded exercise test and were 
included in analysis if they achieved 85% of their maximum heart rate.  Treadmill 
time on the maximal graded test, which is correlated to maximum oxygen uptake, a 
measurement of cardiorespiratory fitness, was controlled for in the analysis.  When 
adjusted for age, BMI, treadmill time, number of new health problems since baseline 
and follow-up year, men that were in the high strength group were about half as likely 




group.  However, while this same trend was identified in women, the odds ratio was 
not statistically significant, potentially because of the smaller sample size. 
 Visser et al. (127) examined the association between muscular strength and 
physical function, as well as the influences of muscle mass on the mobility decline of 
older adults prospectively over the span of 2.5 years.  The incidence of mobility 
limitations over the course of the 2.5-year follow-up was evaluated through annual 
clinic evaluations and telephone contacts at 6, 18 and 30 months.  With adjustment for 
age, race, study site, body height, and body fat mass, women in the lowest quartile of 
muscle strength were 2.15 (95% CI: 1.61-2.87) times more likely to experience 
mobility limitations, when compared to women of the highest quartile of muscle 
strength at baseline.  Muscle strength was found to be an independent predictor of 
mobility limitations with age.  Interestingly, mid-thigh muscle area was also 
determined to be associated with incident mobility limitations throughout the 2.5-year 
follow-up, however, this relationship was not independent of knee extensor muscle 
strength, indicating the importance of muscle strength in influencing mobility decline 
with age. 
 Landers et al. (128) also investigated the interrelationship of muscle strength 
and muscle mass in the performance of ADLs in 21 older (ages 60-75) and 20 younger 
(ages 23-34) women with similar BMI.  Maximum isometric strength of the knee 
extensors and elbow flexors was measured by an immediate force measurement 
feedback of a digital transducer, and integrated electromyography (IEMG) of the 
rectus femoris and biceps brachii was evaluated.  IEMG was also used to assess 




walking task.  After adjusting for upper leg lean tissue mass, there was a significant 
inverse correlation between age and maximum knee extension (R= -.338, p<0.05), 
indicating younger women had higher maximum knee extension strength than the 
older women in this study cohort.  Older women also had more difficulty in their 
performance of ADLs, seen in their increased highly normalized IEMG (nIEMG) 
during the standing task, however when adjusted for covariates, there was no 
significant difference in nIEMG between the older and younger women.  This study 
demonstrated the strength differences between older and younger women and 
indicated that lower body strength plays an integral role in physical function and 
activities of daily living. 
 Barbat-Artigas (129) attempted to identify a muscle index that would be 
clinically relevant in the identification of older women at risk for functional 
impairments.  Body composition, hand grip and knee extension strength were 
measured in a cohort of 1,462 women over the age of 75.  Physical function was 
assessed with the repeated chair stands test and gait speed tests at usual and fast pace.  
Lower body relative muscle strength (LB-RMS), an index of body weight and 
quadriceps muscle strength, was most highly associated with measures of subjective 
and objective physical function.  It has been well-established across literature that 
declines in muscle mass and muscle strength with age contribute to the functional 
decline associated with advanced aging. 
 Relatedly, muscle quality, defined as muscle strength normalized for lean 
mass, has become a unique characteristic to examine in association with physical 




mass both generally decline with age and contribute to the functional decline 
associated with advancing age (85)(94).  Measures of muscle quality combine both 
muscle capacity and muscle mass, and as such, this variable may be more highly 
related to physical function and may be more clinically significant when trying to 
identify those at risk for functional impairments (129)(131).  Research on muscle 
quality is limited by the lack of a standardized definition for muscle quality, which has 
led to inconsistent findings (130).  While research has identified the independent 
contribution of muscle quality to physical function decline in older adults (132)(133), 
there is less understood about this parameter in middle-aged women. 
 The limited research on muscle quality in middle-aged women preliminarily 
suggests that muscle quality declines in middle-age (134), and that this can lead to 
declines in physical function (14).  Francis et al. found that women ages 60 to 70 years 
old had a 8% lower muscle quality than women ages 50 to 59 years old (134).  This 
significant decline in the midlife period could increase the risk of disability and 
worsened quality of life with advanced age.  Ward-Ritacco et al. (14) examined body 
composition, physical activity, isokinetic muscle strength at 60 degrees per second and 
muscle quality in sixty-four post-menopausal women.  Muscle quality, when 
calculated with leg strength, steps per day and adiposity, was independently associated 
with objective physical function performance on the 6MWT.  The limited research on 
women in middle-age suggests that muscle quality declines in midlife and that this is 
independently associated with worsened physical function performance (14).  More 






 Research on muscle fatigue, physical activity, physical function and body 
composition is primarily focused on the older adult population.  There is currently 
very limited research on the interaction of these variables in the middle-age period for 
women.  With rising disability rates in middle-aged women, to the extent that 19% of 
56-66-year-old women in one cohort identified as having an extreme mobility 
disability (2), there is a critical need to fully understand the pathway to physical 
function limitations and disability specific to this population.   
 The current, limited, research on women of middle-age indicates that with age, 
declines in physical activity contribute to an unfavorable shift in body composition 
(less lean mass, more fat mass), which then plays a role in reducing muscle mass, 
strength and muscle quality (14).  Reductions in muscle mass and strength leads to 
worsened physical function and increased risk of disability and mortality (85).  It is 
unknown whether muscle fatigue, a unique parameter of muscle function, is a 
contributing factor to physical function depreciation in middle age.  Older populations 
are seen to develop fatigue resistance in isometric and low-velocity tasks, when 
compared to younger populations (63)(22), however, this fatigue resistance is reversed 
in high-velocity dynamic contractions, indicating that contraction speed and type are 
both critical when investigating muscular fatigue (80).  Notably, increased fatigability 
during high-velocity dynamic contractions is independently associated with the 
exacerbation of functional declines (19)(28) in very old adults (16).  Current research 
has also shown the concept that muscle fatigue is independent of other measures of 




studying muscle fatigue in its independent association to physical function.  
Understanding whether muscle fatigue is directly related to functional decline in 
women of midlife would help in targeted approaches to improve physical function of 



























Study Design  
The Women’s Health Improvement Initiative (WHII), a cross-sectional 
observational study, began in 2016 under the direction of Principle Investigators, 
Christie Ward-Ritacco, PhD and Natalie Sabik, PhD.  Data were collected on two 
visits seven to 10 days apart. During the first visit, participants provided informed 
consent and underwent several objectively measured physical function assessments.  
Between the first and second visit, participants wore an Actigraph accelerometer 
(Actigraph GT9XLink, Pensacola, FL) on their hip for all waking hours, except when 
bathing or swimming, and kept a physical activity log.  During the second visit, body 
composition was measured.  Isometric knee strength for isometric knee 
extension/flexion at 60 degrees, isokinetic knee extension/flexion at 60 degrees per 
second and 180 degrees per second was assessed, and a dynamic fatiguing task for 
knee extension/flexion was completed. 
Participants 
A sample size of 109 participants was determined to appropriately assess the 
study aim of examining the association between muscle fatigue index and physical 
function and achieve significance with a p-value of less than 0.05, a medium effect 
size of 0.3, and a power of 0.9 with a 2-tailed correlation (G Power).  To account for 




similar to those used in other research studies examining the association between 
muscular fatigue and physical function (62).  The study recruited a convenience 
sample of middle-aged women between the ages of 40 and 64 years old and 
participants were recruited by word-of-mouth, social media postings, and flyers posted 
at the University of Rhode Island and in the surrounding area.  Interested participants 
were assessed for inclusion and exclusion criteria via an eligibility survey and eligible 
women completed two experimental visits.  Inclusion criteria included being female, 
being 40-64 years, having the ability to speak and read English, and having a BMI 
between 18.5 and 45.0 kg/m2.  Participants also had to be willing to undergo a dual 
energy X-ray absorptiometry (DXA) scan and be living independently.  Exclusion 
criteria included affirmatively answering any of the questions on the Physical Activity 
Readiness Questionnaire (PAR-Q), a Mini Mental State Examination (MMSE) score 
below 25, being a smoker, being pregnant, having weight instability (>5-pound 
changes in body weight over the past 3 months) and/or any pre-existing conditions that 
would impact their safe completion of any of the study procedures.  Pre-existing 
conditions that may impact safe completion included uncontrolled cardiovascular 
disease or chronic obstructive pulmonary disease, recently experienced cardiovascular 
event, uncontrolled diabetes mellitus type I or type II, and/or severe musculoskeletal 
disorders. 
Physical Function Assessments  
Several objective assessments were used to measure physical function.  Prior to 
data collection, the research team met regularly to ensure that all members were 




assessments and a set script was utilized by all test administrators when conducting 
assessments to ensure consistency and improve inter-rater reliability.  Physical 
function measures included the transfer task, 30 second chair stand, 6-minute walk test 
(6MWT), 8 foot up and go, and lift and carry.  Standardized equipment used included 
cones, an armless chair, tape, a surveyor’s wheel, a stopwatch, a mat, a crate with a 
10-pound weight, and a 3.5-foot shelf.  Each task was separated by two minutes of rest 
or longer to ensure fatigue from one assessment did not interfere with the following 
activity.  Rating of perceived exertion (Borg Scale 6-20) and pain and fatigue scales 
(0-10) were used to assess participant exertion on each task.  The Borg Scale has been 
validated as a measure of relative aerobic exercise intensity (135).  Participants were 
instructed to work to the best of their ability, and they had the option to complete a 
second trial of an activity if they felt they could improve upon their initial 
performance. 
• Transfer task: The transfer task is a reliable and valid measure for assessing 
dynamic physical function, as determined by floor-transfer ability (136). 
Participants began in a standing position and were instructed to transfer to a 
sitting position on a floor mat (ensuring full contact of their buttocks with the 
floor) and then return to a standing position as quickly and safely as possible.  
The time to complete the task was recorded.  Participants completed this task 
twice and the best time was used for analysis.   
• 30 second chair stand: An armless chair was set up against the wall.  With their 
hands on the opposite shoulder, participants were instructed to rise from a 




(ensuring full contact of their buttocks with the chair) as many times as 
possible in 30 seconds. The score was the number of times the participant 
came to a full standing position.  The 30 second chair stand test is a valid 
measure of lower body strength (137), and physical function.  Participants 
completed this task twice and the highest number of repetitions was used for 
analysis.   
• 6-Minute Walk Test:  The 6MWT measured the distance that the participant 
was able to walk over a total of six minutes using a preset 30-meter course. 
The participant was instructed to walk as quickly as possible for 6 minutes 
around the preset course. Members of the research team provided 
encouragement to the participant at regular intervals using similar phrases.  
Participants were instructed to pace themselves and reminded that they could 
take breaks as needed.  The total distance covered [(distance of each pass * 
total number of passes) + partial pass distance] was recorded.  The 6MWT has 
been validated as a measure of physical endurance and physical function in 
older adults (138). 
• 8 Foot Up and Go: The 8 foot up and go is a valid measure for assessing 
functional performance (139).  An armless chair was set against a wall with a 
cone placed 8 feet in front of the chair.  Participants were instructed to stand up 
from the chair, without using their arms, walk as quickly and as safely around 
the cone as possible, walk back to the chair and sit down.  Total time needed to 
complete the task was recorded.  Participants performed this task twice and the 




• Lift and Carry: A 3.5 ft shelf was placed against a wall and the researcher 
measured ten feet in front of the shelf with a surveyor’s wheel and placed a 
piece of tape to set the course.  At the start of the course (where a strip of tape 
was placed as the starting line), a milk crate with a ten-pound weight inside 
was placed on the ground.  A research team member demonstrated the 
assessment for participants and asked that participants pick up the weighted 
crate from the floor using proper form, walk ten feet, place the crate on a 3.5 ft. 
shelf, remove their hands from the crate, pick the crate back up and return to 
the start of the course and return the crate to the ground.  The time to complete 
the lift and carry task five times was recorded.  
• Lower extremity physical function composite score (LEPF-CS) (132): The 
LEPF-CS was calculated using Z scores from the four lower extremity physical 
function tasks (transfer task, 8 foot up and go, 30 second chair stand and 
6MWT) using SPSS statistical software.  In physical function tests like the 8 
foot up and go and the transfer task where a lower time is indicative of better 
physical function, the inverse of the Z score was computed.  The LEPF-CS is 
the total of the four computed Z-scores. 
Physical Activity Assessment 
Participants wore an Actigraph accelerometer (GT9XLink, ActiGraph, LLC, 
Pensacola, FL, USA) on their hip for 7-10 days between visit 1 and visit 2.  
Participants were instructed to wear the accelerometer for all waking hours, except 




Triaxial accelerometers from Actigraph have been validated to measure 
physical activity when compared to oxygen consumption (140).   Physical activity was 
measured by total steps per day, total minutes of physical activity per day, and total 
minutes of moderate to vigorous physical activity per day.  Valid wear time criteria for 
inclusion in the final analysis was ten hours per day for a minimum of four days. 
In addition to wearing the accelerometer, participants also tracked their 
physical activity using a physical activity log, which was utilized in assessing 
resistance training participation.  Self-reported resistance training was coded in two 
ways: 1) meeting resistance training physical activity (PA) guidelines of two or more 
days of muscle strengthening exercise focused on all major muscle groups (104), and 
2) completing any resistance training (one session or more) during the observation 
period. 
Body Composition Assessment 
Weight (kg) was measured with a digital scale (Tanita WB-100, Arlington 
Heights, IL) and height (cm) was measured with a stadiometer (Seca 213, Chino, CA).  
Body mass index (BMI) was calculated as weight (kg) divided by height (m2).  Body 
composition was assessed using DXA (GE Lunar iDXA, Waukesha, WI, USA).  DXA 
is a validated method for assessing body composition (141).  Participants wore 
medical scrubs if their clothing contained reflective material, zippers, and/or buttons, 
and removed all jewelry prior to the DXA scan.  Premenopausal participants took a 
pregnancy test to ensure that they were not pregnant. A qualified professional 





Muscle Strength and Muscle Quality Assessment 
The Biodex Isokinetic System 4 Dynamometer (Shirley, NY, USA) was used 
to assess muscular strength and fatigue.  The Biodex Isokinetic Dynamometer has 
been validated to assess torque across different velocities (142).  Isokinetic 
dynamometers have high test-retest reliability in assessing isokinetic peak torque and 
work, specifically in knee extension and flexion (143).  Bilateral knee strength was 
assessed in three ways: 1) 3 sets of isometric knee flexion and extension at 60 degrees 
(5 second hold) (PT-Isometric-60), 2) 2 sets of 4 repetitions of isokinetic knee flexion 
and extension at 60 degrees/second (PT-60), and 3) 2 sets of 4 repetitions of isokinetic 
knee flexion and extension at 180 degrees/second (PT-180). The left and right legs 
were assessed at both 60 and 180 degrees/sec in a randomized fashion.  Peak torque 
was calculated for PT-Isometric-60, PT-60 and PT-180 by summing the trials that had 
the greatest torque for the right and left sides.  These trials also served as 
familiarization to using the Biodex before the fatiguing task.  Ample rest time of 30 to 
90 seconds was given between each set and 3 minutes of rest was provided before the 
fatiguing task.   
Muscle quality was calculated as muscle strength normalized for upper leg lean 
mass (muscle strength/lean mass).  Upper leg lean mass was summed for the right and 
left legs and muscle quality was assessed in three ways: 1) Isometric-60 normalized 
for upper leg lean mass (MQ-Isometric-60), 2) Isokinetic-60 normalized for upper leg 






Muscle Fatigue Assessment 
To assess muscular fatigue, participants were asked to perform 25 repetitions 
of knee flexion/extension at 180 degrees per second.  Participants were instructed to 
exert maximal force from the start and were asked to “kick as hard and as fast as you 
can throughout the repetitions”.  Torque, in Nm, was collected throughout all 
repetitions. Muscular Fatigue Index was then calculated by calculating the percentage 
peak torque difference from the first 3 repetitions to the last 3 repetitions.  This MFI 
formula has been used in studies with similar fatiguing protocols (64)(59)(61) and 
reflects torque decline over the course of the task, indicating fatigue resistance.  
Participants with an MFI over 100% were considered to have an invalid fatigue task 
and were not included in the analysis, as an MFI over 100% indicates that the 
participant may have been pacing, as the force of contraction increased through the 
task. 
Statistical Analysis  
Data were analyzed using IBM SPSS Statistics version 26.0 (IBM Corp, 
Armonk, NY) and statistical significance was set at p ≤ 0.05. All data were examined 
for normality via skewness and kurtosis to ensure normal distribution.  Descriptive 
statistics (mean ± SD) were calculated.  ANOVA was used to determine if there were 
significant differences in MFI by menopausal group (premenopausal, perimenopausal, 
postmenopausal).  Bivariate correlation analysis was used to determine if there was a 
significant association between MFI and measures of physical function (transfer task, 
30 second chair stand, 6MWT, 8 foot up and go, lift and carry and LEPF-CS).  




between physical function performance and hypothesized control variables, including 
age, body fat, physical activity (MVPA per day), isokinetic strength (PT-180) and 
muscle quality (MQ-180) on measures of physical function.  Partial correlation 
analysis examining MFI and all measures of physical function performance, 
controlling for age, body fat, MVPA per day and MQ-180, were also completed. 
 Finally, hierarchical linear regression analysis examined the influence of MFI 
and control variables, including age, body fat, physical activity, muscle quality, and 
resistance training, on measures of physical function.  Resistance training utilized in 
this model was classified as one or more training sessions of RT recorded in their PA 
log.  Stepwise regression analyses were performed in the following order: Step 1: age; 
Step 2: age and %body fat; Step 3: age, %body fat, MVPA per day, Step 4: age, 
%body fat, MVPA per day, MQ-180, Step 5: age, %body fat, MVPA per day, MQ-
180, RT and Step 6: age, %body fat, MVPA per day, MQ-180, RT, MFI.  The final 

















There were 180 women screened for eligibility.  Eleven were deemed 
ineligible due to being a smoker (n=2), not living independently (n=1), having a BMI 
over 40 kg/m2 or weight instability (n=7), or severe musculoskeletal disorder (n=1). 
Thirty-eight women did not respond to follow-up contact, which left 131 eligible 
participants.  Of these eligible participants, four did not attend visit 1 and two did not 
complete visit 2 due to time availability.  Nine were excluded from data analysis due 
to missing data and 12 were excluded from the analysis due to having an MFI over 
100, which indicated pacing throughout the fatiguing task.  Therefore, 104 participants 
were included in the final analysis. 
Descriptive characteristics and physical function outcomes are included in 
Table 1, including characteristics by menopausal status group: premenopausal (n=22), 
peri-menopausal (n=27), and post-menopausal (n=55).  The average age for the 
sample was 52.9 (±6.1) years old and average BMI was 26.4 (±5.1) kg/m2.  Muscle 
strength, muscle quality, and MFI values are shown in Table 2.  Figure 1 shows MFI 
by menopausal status group.  There were no significant differences between 
menopausal status groups, however there was a non-significant trend towards 
increased fatigue resistance with menopausal group, such that post-menopausal 




 Bivariate correlation analyses were used to evaluate the strength of the 
association between measures of physical function and age, percent body fat, MVPA 
per day, PT-180 and MQ-180, and MFI (Table 3).  Transfer task performance was 
significantly associated with age (r=.24), percent body fat (r=.45), MVPA (r=-.25), 
PT-180 (r=-.37), MQ-180 (r=-.45) and MFI (r=.26) (all p ≤0.05).  Thirty second chair 
stand task performance was significantly associated with percent body fat (r=-.31), 
MVPA (r=.29), PT-180 (r=.20), MQ-180 (r=.34) (all p ≤0.05).  Six-minute walk test 
performance was associated with percent body fat (r=-.46), MVPA (r=.38), PT-180 
(r=.27), MQ-180 (r=.44) (all p≤0.001).  Performance on the 8 foot up and go task was 
significantly associated with percent body fat (r=-.26, p≤0.001) and MVPA (r=-.207, 
p≤0.05).  The lift and carry was significantly correlated with percent body fat (r=.23), 
MVPA (r=-.26), PT-180 (r=-.34), MQ-180 (r=-.41), and MFI (r=.20) (all p≤0.05).  
Finally, LEPF-CS was significantly associated with percent body fat (r=-.49), MVPA 
(r=.37), PT-180 (r=.35), MQ-180 (r=-.48), and MFI (r=-.21) (all p≤0.05).  
 To further explore the contribution of MFI to physical function performance, 
partial correlation analyses controlling for age, percent body fat, MVPA, and MQ-180 
were completed (Table 4).  When controlling for these variables, MFI was only 
significantly associated with transfer task performance (r=.26, p≤0.05), and there was 
no longer a statistically significant association between MFI and performance in the 
lift and carry task or LEPF-CS.  
Table 5 provides the results from the multiple linear regression analyses, 
examining the independent associations between the physical function tasks and age, 




demonstrated that faster transfer task performance was associated with younger age 
(p=0.008), lower percent body fat (p=0.001), higher levels of MVPA (p=0.05) and 
lower MFI (p=0.02). Both MQ-180 (p=0.08) and RT (p=0.79) were not significantly 
associated with transfer task performance.  
Regression analysis for 30 second chair rise performance indicated that better 
chair rise performance, or more repetitions during the 30 second task, was 
significantly associated with higher levels of MVPA (p=0.03) and explained 4.6% of 
the variance in 30 second chair rise performance.  Age (p=0.27), percent body fat 
(p=0.11), MQ-180 (p=0.08), RT (p=0.67) and MFI (p=0.95) were not associated with 
30 second chair rise performance.     
Greater distance walked during the 6MWT was significantly associated with 
lower percent body fat (p=0.02), higher levels of MVPA (p=0.004), and better MQ-
180 (p=0.03).  Percent body, MVPA and MQ-180 accounted for 20.4% 7.5% and 
7.6% of the variance in 6MWT, respectively.  Age, RT and MFI were not significantly 
associated with 6MWT (all p>0.05).   
The model including age, percent body fat, MVPA, MQ-180, RT and MFI did 
not significantly explain variance in 8 foot up and go performance (F5,98 =2.706, 
p=0.064), as there were no significant associations between these variables and 8 foot 
up and go performance.  Better lift and carry task performance was only significantly 
associated with better MQ-180 (p=0.015), with MQ-180 contributing to 13.3% of the 
variance in task performance.   
More optimal LEPF-CS was found to be significantly associated with younger 




better MQ-180 (p=0.040).  Percent body fat was the most significant contributor, as it 





























There are several well-established contributors to physical performance, 
including age, percent body fat, physical activity level, muscle strength and muscle 
quality (15)(14)(101). The present study evaluated the strength of the association 
between muscle fatigue, using the MFI, and physical function in comparison to these 
other known contributors.  The findings demonstrate that while there is a small, but 
significant, association between MFI and some objectively measured physical function 
tasks, the strength of this association decreased when other independent variables, 
such as percent body fat, muscle quality and physical activity, were included in the 
analysis.  This indicates that the role of muscle fatigue in physical function is 
modulated by other more strongly related factors such as percent body fat, muscle 
quality and MVPA. 
 The results of this study refute the hypothesis that higher MFIs, indicating 
better fatigue resistance, are associated with better physical function performance.  
When controlling for age, percent body fat, muscle quality and MVPA per day, MFI 
was only found to be associated with the transfer task, such that higher MFI, 
indicating more fatigue resistance, was correlated to slower transfer task performance.  
While this finding was contrary to our hypothesis, it is possible that this is due to the 
nature of the transfer task, as an individual’s performance on this assessment may be 




could be reflective of greater type I muscle fiber activation, which may be related to 
the reduced ability to generate muscle power. Since the transfer task is reliant on 
anaerobic metabolism and the ability to generate power rapidly, it is possible that 
those who have better anaerobic power would have more optimal transfer task 
performance but also be more prone to fatigue.  While this may biologically plausible, 
muscle power was not directly measured in the current study. Therefore, we can only 
hypothesize that muscle power is related to transfer task performance in our sample, 
and therefore fatigue would be inversely related to performance on the transfer task, a 
task requiring power-based muscular contractions. 
 There is limited literature available examining the association between muscle 
fatigue and physical function in adults (62)(19).  Silva et al. (62) examined the 
association between physical function and muscle fatigue in 135 older women (>65 
years old) and found a significant negative correlation between MFI, measured with 
21 maximal knee extension repetitions at 180 degrees/second, and sit-to-stand score.  
The finding that poorer physical function is associated with increased fatigue 
resistance is similar to the outcome of the current study, though Silva et al. (62) did 
not control for body fat, physical activity level, and muscle quality. The sit-to-stand 
task may rely similarly on quick high-intensity power-based movement, similar to the 
transfer task used in the current study, thus explaining the similarity in the results.   
In contrast, Senefeld et al. (19) found that increased muscle fatigue, as 
measured by a muscle fatiguing task of 90 maximal effort knee flexion and extension 
contractions at 20% of maximum voluntary isometric contraction, was associated with 




(19) did not measure or control for other potential confounding variables, such as 
percent body fat and muscle quality, which were more highly associated with PF 
compared to muscle fatigue in the present study.  Secondly, the fatigue inducing 
protocol utilized by Silva et al. (62) was significantly more demanding than the 
protocol utilized in the current study, which contribute to the differences in our 
findings.  Finally, the sit-to-stand task used by Silva et al. (62) and the transfer task in 
the present study are physical function tasks that rely primarily on muscular power, 
while the physical function assessments utilized by Senefeld et al. (19) study require 
greater muscular endurance.  The different components of physical fitness needed for 
successful completion of these types of function tasks may explain why Senefeld et al. 
(19) found a significant association between muscle fatigue and physical function and 
the present study did not.  
To our knowledge there are no available studies examining the association 
between muscle fatigue and physical function in middle-aged women. There are a 
small number of studies available using older adults that have found that greater 
fatigability during high-velocity knee flexion and extension is associated with poorer 
physical function performance (19)(28).  Therefore, it would be plausible to expect 
that greater fatigability would be associated with poorer physical function 
performance in middle-aged women.  The contraction speed chosen for the muscular 
fatiguing task in this present study, 180 degrees per second, may have been too slow to 
elicit fatigue similar to that experienced by older adults in studies utilizing fatiguing 
tasks with faster contractions speeds (19)(28).  Selecting a fatiguing task with a higher 




related ADLs (84) and selected measures of physical function.  The lack of a clear 
association between MFI and most of the physical function assessments utilized in this 
study may also be due to physical function test selection.  While the objective 
measures used to assess physical function have been validated for use in older 
populations, it is possible that these measures aren’t sensitive to the smaller 
differences in physical function that may appear in middle-aged persons.  There is a 
need for more clinically sensitive measures of physical function assessment for 
middle-age populations.  As discussed earlier, physical function decline in middle-age 
may be more subtle and before experiencing self-reported difficulty with a function 
task, middle-aged populations may modify the task by using compensatory strategies 
and using a slower walking pace (13). 
The present study supports results from previous work on middle-aged women 
that identified the independent contributions of physical activity level, percent body 
fat (15) and muscle quality (14) to physical function, however, those studies did not 
evaluate the role of muscle fatigue.  Evidence from the present study found that 
muscle quality, body fat and physical activity were more highly associated with 
physical function compared to muscle fatigue, similar to the findings of Ward-Ritacco 
et al. (14) in which muscle quality, adiposity, and physical activity were all significant 
contributors to physical function performance.  The 6MWT in the present study was 
most sensitive to differences in percent body fat, MVPA and MQ, which also supports 
findings from Ward-Ritacco et al. (14), in which number of medical conditions, 
muscle quality, steps per day and adiposity were significant predictors of performance 




al. (101) which found that women with lower percentages of lean mass and higher 
percentages of fat mass experienced the most functional decline over three years.  
Increased fat mass, which is metabolically active and is associated with inflammatory 
factors (145), could potentially play a role in poorer muscle quality in middle-aged 
women, as this mechanism has been identified in older adult populations (146).  
Additionally, women who are physically active are less susceptible to age-related 
changes in body composition (147)(148) and are better able to maintain muscle quality 
with advancing age (149).  There is an interaction of increased body fat, worsened 
muscle quality and lowered physical activity levels which can lead to physical 
function decline, however more research is necessary to fully elucidate this 
mechanism. 
When evaluating the current findings, it is important to examine the 
generalizability of this sample to the population of middle-aged women, as the health 
status of the participants may play a significant role in our findings.  Women in the 
present study achieved 31.05 minutes per day activity (±23.52 minutes) of MVPA 
moderate to vigorous physical, which is a similar amount to that achieved by other 
samples of middle-aged adults (27.7 ±20.9 minutes(150) 29.2 ± 0.8 minutes (151)).  
When examining percent body fat and BMI, the women in the present study had an 
average percent body fat of 38.25% (±7.91) and BMI of 26.38 (±5.10) kg/m2, which 
are both lower than the reference standards for women aged 40-69 (152)(153). These 
results suggest that the present sample of women has a healthier body composition 
than other, larger samples of middle-aged women.  This warrants further research to 




While muscle fatigue was not found to be significantly associated with the 
objectively measured physical function tasks utilized in the current study, it was 
confirmed that percent body fat, physical activity level, and muscle quality are 
independently associated with physical functional performance.  Specifically, percent 
body fat was highly associated with all of the function tasks, underlying the 
importance of measuring this variable in middle-aged women and identifying it as the 
potential factor for intervention when planning future research in this area.  Therefore, 
the findings of this study support the use of interventions aimed to lower fat mass and 
increase lean mass for middle-aged women.  These findings also provide evidence 
highlighting the importance of moderate to vigorous physical activity in reducing the 
risk of physical function limitations, indicating the importance of physical activity in 
midlife particularly in improving functional status outcomes. 
Additionally, each physical function task had a different independent variable 
most highly associated with it; the 30 second chair rise performance was most highly 
associated with MVPA, the 6MWT was most highly associated with percent body fat, 
and the lift and carry was most highly associated with MQ-180. These findings 
substantiate the importance of the principle of specificity and emphasizes that the most 
highly associated independent variable reflects the aspect of physical fitness reflected 
in the nature of the physical function task.  This continues to highlight that physical 
function is multi-faceted and optimal performance will be dependent on multiple 
factors. 
The present study has several strengths, including the objective measurement 




measurements. Objectively measuring both of these variables limits self-report bias 
and decreases the risk to validity associated with subjective measures of physical 
activity (154) and physical function (155).  The use of DXA to examine body 
composition (141) is another strength of this study.  Furthermore, while the primary 
outcome measures were MFI and physical function, this study was comprehensive in 
controlling for other variables previously identified as contributors to physical 
function in this population.   
There are also limitations of the present study.  First, the cross-sectional nature 
of the study does not lend itself to examining the directionality of any of the 
associations discovered. Additionally, the sample was recruited through a convenience 
sampling technique, and the participants were predominantly Caucasian, educated, and 
able-bodied women with no orthopedic limitations.  These women sampled were also 
leaner than the general population of middle-aged based on percent body fat 
measurements, which may limit the generalizability to the larger context of middle-
aged women.   
 As stated earlier, the contraction speed of 180 degrees per second for the 
fatiguing task may have been too low to elicit the fatigue response necessary to assess 
in its association to physical function in this population.  Utilizing a higher-velocity 
contraction speed may be more representative of the velocity necessary for completion 
of physical performance tasks throughout the day.  This also highlights the need for 
more standardized methods of fatigue assessment in the laboratory setting and for 




the course of the day (84).  The variability in muscle fatigue measures may be partially 
responsible for the discrepancies seen in the literature.  
 Muscle power was not evaluated in this study.  Our findings suggest that 
transfer task performance may be associated with anaerobic power and therefore may 
be inversely related to muscle fatigue.  However, since muscle power was not directly 
measured in this study, we cannot definitively identify muscle power as the 
mechanism for this finding. 
 Additionally, while aerobic PA (MVPA, steps per day) was assessed 
objectively using accelerometry, we were unable to calculate the volume of daily and 
weekly resistance training, limiting our ability to assess the contribution that regular 
resistance training can make to the examined variables of interest.  Finally, in future 
research, it may be advisable to utilize structural equation modeling (SEM) to analyze 
the interaction of percent body fat, physical activity and muscle quality, to better 
understand physical function in this population.  
 In conclusion, additional research is needed to fully understand the interactive 
and independent contribution of muscle fatigue to physical function performance in 
middle-aged women.  Further understanding the independent contributions of body 
composition, physical activity, muscle quality, and muscle fatigue, with physical 
function in middle age could lead to more optimal targeted interventions delivered in 
middle-age with the intention of improving health-related outcomes as women 


























Table 4. Partial correlations between muscle fatigue index (MFI) and physical 
function assessments, when controlling for age, percent body fat, MVPA and 
MQ-180.  
 
 MFI SIT CHR 6MWT TUG LIFT LEPF-CS 
MFI 1.0 .260* -.080 -.048 -.059 .161 -.116 
SIT  1.0 -.428** -.262* .046 .384** -.631** 
CHR   1.0 .251* -.309* -.422** .752** 
6MWT    1.0 -.269* -.453** .652** 
TUG     1.0 .331** -.633** 
LIFT      1.0 -.593** 
LEPF-CS       1.0 
 
MFI (muscle fatigue index); Age (years of age); Percent Body Fat (whole body adiposity); 
MVPA (moderate to vigorous physical activity per day); MQ-180 (Muscle Quality 
calculated using peak torque for isokinetic knee flexion and extension at 180 
degrees/second); SIT (transfer task); CHR (30 second chair stand); 6MWT (6-minute walk 
test); TUG (8 foot up and go); LIFT (lift and carry); LEPF-CS (lower-extremity physical 






















Table 5. Regression Analysis Summary for Variables Associated with Physical 
Function Performance 
Variables B SEB p β 95% CI 
 (a)  Transfer Task (R2 = .395, p <.001) 
Age .04 .02 .008 .210 [.01, .07] 
% Fat  .05 .01 .001 .319 [.02, .07] 
MVPA -.01 .004 .050 -.17 [-.02, .00] 
MQ-180 -.06 .03 .083 -.197 [-.12, .01] 
RT -.07 .25 .793 -.024 [-.55, .43] 
MFI .03 .01 .024 .225 [.004, .05] 
  (b) 30 Second Chair Stand (R2 = .203, p = .002) 
Age -.09 .09 .271 -.106 [-.26, .08] 
% Fat -.12 .08 .109 -.178 [-.27, .03] 
MVPA .05 .02 .029 .220 [.01, .10] 
MQ-180 .30 .17 .079 .229 [-.04, .64] 
RT .56 1.32 .671 .044 [-2.06, 3.18] 
MFI -.004 .06 .953 -.007 [-.127, .120] 
 (c) 6-minute Walk Test (R2 = .360, p <.001) 
Age -.17 .98 .864 -.015 [-2.12, 1.78] 
% Fat  -2.18 .88 .015 -.251 [-3.92, -.44] 
MVPA .78 .26 .004 .265 [.26, 1.31] 
MQ-180 4.40 1.99 .030 .261 [.45, 8.36] 
RT -10.20 15.30 .507 -.062 [-40.59, 
20.20] 
MFI -.41 .75 .586 -.056 [-1.91, 1.09] 
  (d) 8 Foot Up and Go (R2 = .120, p = .064) 
Age .03 .02 .081 .178 [-.003, .06] 
% Fat .02 .01 .065 .216 [-.002, .05] 
MVPA -.01 .004  .141 -.155 [-.01, .002] 
MQ-180 -.01 .03 .665 -.059 [-.07, .05] 
RT -.10 .23 .663 -.048 [-.55, .35] 
MFI -.01 .01 .603 -.062 [-.03, .02] 
 (e) Lift and Carry (R2 = .239, p <.001) 
Age .03 .17 .857 .017 [-.31, .37] 
% Fat  .01 .15 .951 .007 [-.29, .31] 
MVPA -.09 .05 .055 -.189 [-.18, .002] 
MQ-180 -.85 .34 .015 -.313 [-1.52, -.17] 
RT 2.25 2.63 .395 .087 [-2.98, 7.47] 
MFI .15 .12 .239 .131 [-.10, .39] 
(f) LEPF-CS (R2 = .425, p <.001) 
Age -.09 .04 .037 -.174 [-.17, -.01] 
%Fat -.13 .04 .001 -.339 [-.20, -.06] 
MVPA .04 .01 .002 .271 [.01, .06] 
MQ-180 .18 .08 .040 .233 [.01, .34] 
RT .20 .64 .748 .028 [-1.06, 1.47] 





Note. Age (years of age); % Fat (whole body adiposity); MVPA (moderate to vigorous 
physical activity per day); MQ-180 (Muscle Quality calculated using peak torque for 
isokinetic knee flexion and extension at 180 degrees/second), RT (participants self-
reporting at least one session of resistance training for a week), MFI (muscle fatigue 
index); p < .05. **p < .01. ***p < .001. 




























Figure 1. Comparing mean MFI (muscle fatigue index) by menopausal status.  Values 
























Comparing MFI in Premenopausal, 




















































































































































































































































































1.  Painter P, Stewart AL, Carey S. Physical functioning: definitions, measurement, 
and expectations. Adv Ren Replace Ther. 1999;6(2):110–23. 
2.  Karvonen-Gutierrez CA, Strotmeyer ES. The urgent need for disability studies 
among midlife adults. womens midlife health. 2020;6(1):8, s40695-020-00057-
w. 
3.  Tomey KM, Sowers MR. Assessment of Physical Functioning: A Conceptual 
Model Encompassing Environmental Factors and Individual Compensation 
Strategies. Physical Therapy. 2009;89(7):705–14. 
4.  Edholm P, Veen J, Kadi F, Nilsson A. Muscle mass and aerobic capacity in older 
women: Impact of regular exercise at middle age. Experimental Gerontology. 
2021;147:111259. 
5.  Nishiguchi S, Yamada M, Kajiwara Y, et al. Effect of physical activity at midlife on 
skeletal muscle mass in old age in community-dwelling older women: A cross-
sectional study. Journal of Clinical Gerontology and Geriatrics. 2014;5(1):18–
22. 
6.  Paterson DH, Govindasamy D, Vidmar M, Cunningham DA, Koval JJ. Longitudinal 
Study of Determinants of Dependence in an Elderly Population: 
DETERMINANTS OF INDEPENDENCE IN ELDERLY. Journal of the American 
Geriatrics Society. 2004;52(10):1632–8. 
7.  Wiener JM, Tilly J. Population ageing in the United States of America: 
implications for public programmes. International Journal of Epidemiology. 
2002;31(4):776–81. 
8.  Karvonen-Gutierrez CA. The importance of disability as a health issue for mid-
life women. womens midlife health. 2015;1(1):10. 
9.  Ylitalo KR, Karvonen-Gutierrez CA, Fitzgerald N, et al. Relationship of race-
ethnicity, body mass index, and economic strain with longitudinal self-report of 
physical functioning: the Study of Women’s Health Across the Nation. Ann 
Epidemiol. 2013;23(7):401–8. 
10.  van Houwelingen AH, Cameron ID, Gussekloo J, et al. Disability transitions in the 





11.  Beswick AD, Rees K, Dieppe P, et al. Complex interventions to improve physical 
function and maintain independent living in elderly people: a systematic 
review and meta-analysis. The Lancet. 2008;371(9614):725–35. 
12.  von Bonsdorff MB, Rantanen T. Progression of functional limitations in relation 
to physical activity: a life course approach. Eur Rev Aging Phys Act. 
2011;8(1):23–30. 
13.  Mänty M, Heinonen A, Leinonen R, et al. Construct and Predictive Validity of a 
Self-Reported Measure of Preclinical Mobility Limitation. Archives of Physical 
Medicine and Rehabilitation. 2007;88(9):1108–13. 
14.  Ward-Ritacco CL, Adrian AL, Johnson MA, Rogers LQ, Evans EM. Adiposity, 
physical activity, and muscle quality are independently related to physical 
function performance in middle-aged postmenopausal women: Menopause. 
2014;21(10):1114–21. 
15.  Ward-Ritacco CL, Meyer A, Walker G, Riebe D, Sabik NJ. Percent body fat, but 
not lean mass, is associated with objectively measured physical function in 
middle-aged women. Maturitas. 2020;142:11–6. 
16.  Callahan DM, Kent-Braun JA. Effect of old age on human skeletal muscle force-
velocity and fatigue properties. Journal of Applied Physiology. 
2011;111(5):1345–52. 
17.  McNeil CJ, Rice CL. Fatigability Is Increased With Age During Velocity-Dependent 
Contractions of the Dorsiflexors. The Journals of Gerontology Series A: 
Biological Sciences and Medical Sciences. 2007;62(6):624–9. 
18.  Petrella JK, Kim J, Tuggle SC, Hall SR, Bamman MM. Age differences in knee 
extension power, contractile velocity, and fatigability. Journal of Applied 
Physiology. 2005;98(1):211–20. 
19.  Senefeld J, Yoon T, Hunter SK. Age differences in dynamic fatigability and 
variability of arm and leg muscles: Associations with physical function. 
Experimental Gerontology. 2017;87:74–83. 
20.  Grosicki GJ, Englund DA, Price L, et al. Lower-Extremity Torque Capacity and 
Physical Function in Mobility-Limited Older Adults. J Nutr Health Aging. 
2019;23(8):703–9. 
21.  Schwendner KI, Mikesky AE, Holt WS, Peacock M, Burr DB. Differences in Muscle 
Endurance and Recovery Between Fallers and Nonfallers, and Between Young 
and Older Women. The Journals of Gerontology Series A: Biological Sciences 




22.  Christie A, Snook EM, Kent-Braun JA. Systematic Review and Meta-Analysis of 
Skeletal Muscle Fatigue in Old Age: Medicine & Science in Sports & Exercise. 
2011;43(4):568–77. 
23.  Gitlin LN, Winter L, Stanley IH. Compensatory Strategies: Prevalence of Use and 
Relationship to Physical Function and Well-Being. J Appl Gerontol. 
2017;36(6):647–66. 
24.  Hortobagyi T, Mizelle C, Beam S, DeVita P. Old Adults Perform Activities of Daily 
Living Near Their Maximal Capabilities. The Journals of Gerontology Series A: 
Biological Sciences and Medical Sciences. 2003;58(5):M453–60. 
25.  Hortob??gyi T, DeVita P. Mechanisms Responsible for the Age-Associated 
Increase in Coactivation of Antagonist Muscles: Exercise and Sport Sciences 
Reviews. 2006;34(1):29–35. 
26.  Hortobágyi T, DeVita P. Muscle pre- and coactivity during downward stepping 
are associated with leg stiffness in aging. Journal of Electromyography and 
Kinesiology. 2000;10(2):117–26. 
27.  Frey-Law LA, Avin KG. Muscle coactivation: A generalized or localized motor 
control strategy?: Muscle Coactivation. Muscle Nerve. 2013;48(4):578–85. 
28.  Justice JN, Mani D, Pierpoint LA, Enoka RM. Fatigability of the dorsiflexors and 
associations among multiple domains of motor function in young and old 
adults. Experimental Gerontology. 2014;55:92–101. 
29.  Hunter SK. The Relevance of Sex Differences in Performance Fatigability. 
Medicine & Science in Sports & Exercise. 2016;48(11):2247–56. 
30.  Karvonen-Gutierrez CA, Ylitalo KR. Prevalence and correlates of disability in a 
late middle-aged population of women. J Aging Health. 2013;25(4):701–17. 
31.  Park Y-M, Jankowski CM, Ozemek C, Hildreth KL, Kohrt WM, Moreau KL. 
Appendicular lean mass is lower in late compared with early perimenopausal 
women: potential role of FSH. Journal of Applied Physiology. 
2020;128(5):1373–80. 
32.  Messier V, Rabasa-Lhoret R, Barbat-Artigas S, Elisha B, Karelis AD, Aubertin-
Leheudre M. Menopause and sarcopenia: A potential role for sex hormones. 
Maturitas. 2011;68(4):331–6. 
33.  Sirola J, Kröger H. Similarities in Acquired Factors Related to Postmenopausal 




34.  Larson RD, Misic MM, Evans EM. Association of adiposity and muscle quality 
with physical function differs in young and old women: Menopause. 
2015;22(3):337–41. 
35.  Kowal J, Fortier MS. Physical Activity Behavior Change in Middle-aged and Older 
Women: The Role of Barriers and of Environmental Characteristics. J Behav 
Med. 2007;30(3):233–42. 
36.  Vargas S, Petro JL, Romance R, et al. Comparison of changes in lean body mass 
with a strength- versus muscle endurance-based resistance training program. 
Eur J Appl Physiol. 2019;119(4):933–40. 
37.  Dipietro L, Campbell WW, Buchner DM, et al. Physical Activity, Injurious Falls, 
and Physical Function in Aging: An Umbrella Review. Medicine & Science in 
Sports & Exercise. 2019;51(6):1303–13. 
38.  Li Y, Schoufour J, Wang DD, et al. Healthy lifestyle and life expectancy free of 
cancer, cardiovascular disease, and type 2 diabetes: prospective cohort study. 
BMJ. 2020;l6669. 
39.  Ward BW, Schiller JS. Prevalence of Multiple Chronic Conditions Among US 
Adults: Estimates From the National Health Interview Survey, 2010. Prev 
Chronic Dis. 2013;10:120203. 
40.  Yadav A, Yadav S, Kesarwani R. Decelerating Mortality Rates in Older Ages and 
its Prospects through Lee-Carter Approach. PLoS ONE. 2012;7(12):e50941. 
41.  Bowling A. Aspirations for Older Age in the 21st Century: What is Successful 
Aging? Int J Aging Hum Dev. 2007;64(3):263–97. 
42.  Pruchno RA, Wilson-Genderson M, Cartwright F. A Two-Factor Model of 
Successful Aging. The Journals of Gerontology Series B: Psychological Sciences 
and Social Sciences. 2010;65B(6):671–9. 
43.  Lin Y-H, Chen Y-C, Tseng Y-C, Tsai S-T, Tseng Y-H. Physical activity and successful 
aging among middle-aged and older adults: a systematic review and meta-
analysis of cohort studies. Aging (Albany NY). 2020;12(9):7704–16. 
44.  Janssen F. Relation between trends in late middle age mortality and trends in 
old age mortality--is there evidence for mortality selection? Journal of 
Epidemiology & Community Health. 2005;59(9):775–81. 
45.  Painter P, Marcus RL. Assessing Physical Function and Physical Activity in 




46.  Kamo T, Nishida Y. Direct and indirect effects of nutritional status, physical 
function and cognitive function on activities of daily living in Japanese older 
adults requiring long-term care: Indirect effects of nutritional status. Geriatrics 
& Gerontology International. 2014;14(4):799–805. 
47.  Wolinsky FD, Miller DK, Andresen EM, Malmstrom TK, Miller JP, Miller TR. Effect 
of Subclinical Status in Functional Limitation and Disability on Adverse Health 
Outcomes 3 Years Later. The Journals of Gerontology Series A: Biological 
Sciences and Medical Sciences. 2007;62(1):101–6. 
48.  Sowers M, Pope S, Welch G, Sternfeld B, Albrecht G. The association of 
menopause and physical functioning in women at midlife. J Am Geriatr Soc. 
2001;49(11):1485–92. 
49.  Lachman ME, Agrigoroaei S. Promoting functional health in midlife and old age: 
long-term protective effects of control beliefs, social support, and physical 
exercise. PLoS One. 2010;5(10):e13297. 
50.  Enoka RM, Duchateau J. Muscle fatigue: what, why and how it influences muscle 
function: Muscle fatigue. The Journal of Physiology. 2008;586(1):11–23. 
51.  Allen DG, Lamb GD, Westerblad H. Skeletal Muscle Fatigue: Cellular 
Mechanisms. Physiological Reviews. 2008;88(1):287–332. 
52.  Wan J, Qin Z, Wang P, Sun Y, Liu X. Muscle fatigue: general understanding and 
treatment. Exp Mol Med. 2017;49(10):e384–e384. 
53.  Kent-Braun JA. Central and peripheral contributions to muscle fatigue in 
humans during sustained maximal effort. Eur J Appl Physiol. 1999;80(1):57–63. 
54.  Rockenfeller R, Günther M, Stutzig N, et al. Exhaustion of Skeletal Muscle Fibers 
Within Seconds: Incorporating Phosphate Kinetics Into a Hill-Type Model. Front 
Physiol. 2020;11:306. 
55.  Kowaltowski AJ, Castilho RF, Grijalba MT, Bechara EJH, Vercesi AE. Effect of 
Inorganic Phosphate Concentration on the Nature of Inner Mitochondrial 
Membrane Alterations Mediated by Ca Ions: A PROPOSED MODEL FOR 
PHOSPHATE-STIMULATED LIPID PEROXIDATION. J Biol Chem. 
1996;271(6):2929–34. 
56.  Westerblad H, Allen DG, Lännergren J. Muscle Fatigue: Lactic Acid or Inorganic 
Phosphate the Major Cause? Physiology. 2002;17(1):17–21. 
57.  Sundberg CW, Kuplic A, Hassanlouei H, Hunter SK. Mechanisms for the age-
related increase in fatigability of the knee extensors in old and very old adults. 




58.  Milner-Brown HS, Mellenthin M, Miller RG. Quantifying human muscle strength, 
endurance and fatigue. 1986;67(8):530–5. 
59.  Gentil P, Hebling Campos M, Soares S, et al. Comparison of elbow flexor 
isokinetic peak torque and fatigue index between men and women of different 




60.  Osternig LR. Isokinetic dynamometry: implications for muscle testing and 
rehabilitation. Exerc Sport Sci Rev. 1986;14:45–80. 
61.  Katsiaras A, Newman AB, Kriska A, et al. Skeletal muscle fatigue, strength, and 
quality in the elderly: the Health ABC Study. Journal of Applied Physiology. 
2005;99(1):210–6. 
62.  Silva JP, Pereira DS, Coelho FM, Lustosa LP, Dias JMD, Pereira LSM. Fatores 
clínicos, funcionais e inflamatórios associados à fadiga muscular e à fadiga 
autopercebida em idosas da comunidade. Rev bras fisioter. 2011;15(3):241–8. 
63.  Krüger RL, Aboodarda SJ, Samozino P, Rice CL, Millet GY. Isometric versus 
Dynamic Measurements of Fatigue: Does Age Matter? A Meta-analysis. 
Medicine & Science in Sports & Exercise. 2018;50(10):2132–44. 
64.  Roshanravan B, Patel KV, Fried LF, et al. Association of Muscle Endurance, 
Fatigability, and Strength With Functional Limitation and Mortality in the 
Health Aging and Body Composition Study. GERONA. 2017;72(2):284–91. 
65.  Lindstrom, B, Lexell J, Gerdle B, Downham D. Skeletal Muscle Fatigue and 
Endurance in Young and Old Men and Women. The Journals of Gerontology 
Series A: Biological Sciences and Medical Sciences. 1997;52A(1):B59–66. 
66.  Callahan DM, Foulis SA, Kent-Braun JA. Age-related fatigue resistance in the 
knee extensor muscles is specific to contraction mode. Muscle Nerve. 
2009;39(5):692–702. 
67.  Kent-Braun JA, Callahan DM, Fay JL, Foulis SA, Buonaccorsi JP. Muscle weakness, 
fatigue, and torque variability: Effects of age and mobility status: Muscle 
Fatigue in Aging. Muscle Nerve. 2014;49(2):209–17. 
68.  Dalton BH, Power GA, Vandervoort AA, Rice CL. The age-related slowing of 
voluntary shortening velocity exacerbates power loss during repeated fast 




69.  Baudry S, Klass M, Pasquet B, Duchateau J. Age-related fatigability of the ankle 
dorsiflexor muscles during concentric and eccentric contractions. Eur J Appl 
Physiol. 2007;100(5):515–25. 
70.  Lanza IR, Russ DW, Kent-Braun JA. Age-related enhancement of fatigue 
resistance is evident in men during both isometric and dynamic tasks. Journal 
of Applied Physiology. 2004;97(3):967–75. 
71.  Potvin JR, Fuglevand AJ. A motor unit-based model of muscle fatigue. PLoS 
Comput Biol. 2017;13(6):e1005581. 
72.  Klass M, Baudry S, Duchateau J. Age-related decline in rate of torque 
development is accompanied by lower maximal motor unit discharge 
frequency during fast contractions. Journal of Applied Physiology. 
2008;104(3):739–46. 
73.  Santanasto AJ, Glynn NW, Jubrias SA, et al. Skeletal Muscle Mitochondrial 
Function and Fatigability in Older Adults. GERONA. 2015;70(11):1379–85. 
74.  Hunter SK. Sex differences in fatigability of dynamic contractions: Sex 
differences in skeletal muscle fatigue. Exp Physiol. 2016;101(2):250–5. 
75.  Wüst RCI, Morse CI, De Haan A, Jones DA, Degens H. Sex differences in 
contractile properties and fatigue resistance of human skeletal muscle: Sex 
differences in fatigue and contractile properties. Experimental Physiology. 
2008;93(7):843–50. 
76.  Mitchell WK, Williams J, Atherton P, Larvin M, Lund J, Narici M. Sarcopenia, 
Dynapenia, and the Impact of Advancing Age on Human Skeletal Muscle Size 
and Strength; a Quantitative Review. Front Physio [Internet]. 2012 [cited 2020 
Apr 26];3 Available from: 
http://journal.frontiersin.org/article/10.3389/fphys.2012.00260/abstract. 
doi:10.3389/fphys.2012.00260. 
77.  Bogdanis GC. Effects of Physical Activity and Inactivity on Muscle Fatigue. Front 
Physio [Internet]. 2012 [cited 2020 Nov 18];3 Available from: 
http://journal.frontiersin.org/article/10.3389/fphys.2012.00142/abstract. 
doi:10.3389/fphys.2012.00142. 
78.  Fitts RH. Effects of Regular Exercise Training on Skeletal Muscle Contractile 
Function: American Journal of Physical Medicine & Rehabilitation. 
2003;82(4):320–31. 
79.  Laforest S, St-Pierre DMM, Cyr J, Gayton D. Effects of age and regular exercise 




80.  Avin KG, Law LAF. Age-related differences in muscle fatigue vary by contraction 
type: a meta-analysis. Phys Ther. 2011;91(8):1153–65. 
81.  Smee DJ, Anson JM, Waddington GS, Berry HL. Association between Physical 
Functionality and Falls Risk in Community-Living Older Adults. Curr Gerontol 
Geriatr Res. 2012;2012:864516. 
82.  Latash ML. Muscle coactivation: definitions, mechanisms, and functions. Journal 
of Neurophysiology. 2018;120(1):88–104. 
83.  Hasegawa R, Islam MM, Sung Chul Lee, Koizumi D, Rogers ME, Takeshima N. 
Threshold of lower body muscular strength necessary to perform ADL 
independently in community-dwelling older adults. Clin Rehabil. 2008;22(10–
11):902–10. 
84.  Jevsevar DS, Riley PO, Hodge WA, Krebs DE. Knee Kinematics and Kinetics 
During Locomotor Activities of Daily Living in Subjects with Knee Arthroplasty 
and in Healthy Control Subjects. Physical Therapy. 1993;73(4):229–39. 
85.  Goodpaster BH, Park SW, Harris TB, et al. The Loss of Skeletal Muscle Strength, 
Mass, and Quality in Older Adults: The Health, Aging and Body Composition 
Study. The Journals of Gerontology Series A: Biological Sciences and Medical 
Sciences. 2006;61(10):1059–64. 
86.  Miljkovic N, Lim J-Y, Miljkovic I, Frontera WR. Aging of skeletal muscle fibers. 
Ann Rehabil Med. 2015;39(2):155–62. 
87.  Evans WJ, Lexell J. Human Aging, Muscle Mass, and Fiber Type Composition. The 
Journals of Gerontology Series A: Biological Sciences and Medical Sciences. 
1995;50A(Special):11–6. 
88.  Maltais ML, Desroches J, Dionne IJ. Changes in muscle mass and strength after 
menopause. J Musculoskelet Neuronal Interact. 2009;9(4):186–97. 
89.  Aloia JF, McGowan DM, Vaswani AN, Ross P, Cohn SH. Relationship of 
menopause to skeletal and muscle mass. The American Journal of Clinical 
Nutrition. 1991;53(6):1378–83. 
90.  Greendale GA, Sternfeld B, Huang M, et al. Changes in body composition and 
weight during the menopause transition. JCI Insight [Internet]. 2019;4(5) 
doi:10.1172/jci.insight.124865. 
91.  Burger HG, Hale GE, Robertson DM, Dennerstein L. A review of hormonal 
changes during the menopausal transition: focus on findings from the 





92.  Carr MC. The emergence of the metabolic syndrome with menopause. J Clin 
Endocrinol Metab. 2003;88(6):2404–11. 
93.  Volpi E, Nazemi R, Fujita S. Muscle tissue changes with aging. Curr Opin Clin Nutr 
Metab Care. 2004;7(4):405–10. 
94.  Harris T. Muscle Mass and Strength: Relation to Function in Population Studies. 
The Journal of Nutrition. 1997;127(5):1004S-1006S. 
95.  Laron Z. Insulin-like growth factor 1 (IGF-1): a growth hormone. Mol Pathol. 
2001;54(5):311–6. 
96.  Yamada M, Moriguch Y, Mitani T, Aoyama T, Arai H. Age-dependent changes in 
skeletal muscle mass and visceral fat area in Japanese adults from 40 to 79 
years-of-age. Geriatr Gerontol Int. 2014;14 Suppl 1:8–14. 
97.  Shuster A, Patlas M, Pinthus JH, Mourtzakis M. The clinical importance of 
visceral adiposity: a critical review of methods for visceral adipose tissue 
analysis. Br J Radiol. 2012;85(1009):1–10. 
98.  Schaap LA, Pluijm SMF, Deeg DJH, et al. Higher Inflammatory Marker Levels in 
Older Persons: Associations With 5-Year Change in Muscle Mass and Muscle 
Strength. The Journals of Gerontology Series A: Biological Sciences and Medical 
Sciences. 2009;64A(11):1183–9. 
99.  Kim S, Leng XI, Kritchevsky SB. Body Composition and Physical Function in Older 
Adults with Various Comorbidities. Innov Aging. 2017;1(1):igx008. 
100.  Moreira MA, Zunzunegui MV, Vafaei A, Câmara SMA da, Oliveira TS, Maciel ÁCC. 
Sarcopenic obesity and physical performance in middle aged women: a cross-
sectional study in Northeast Brazil. BMC Public Health. 2015;16(1):43. 
101.  Bea JW, Going SB, Wertheim BC, et al. Body composition and physical function 
in the Women’s Health Initiative Observational Study. Prev Med Rep. 
2018;11:15–22. 
102.  Gonçalves BL, Guimarães FS, Souza MLL de, Ferreira A de S, Mainenti MRM. 
Association among body composition, muscle performance and functional 
autonomy in older adults. Fisioter mov. 2015;28(1):49–59. 
103.  Brady AO, Straight CR, Evans EM. Body Composition, Muscle Capacity, and 
Physical Function in Older Adults: An Integrated Conceptual Model. Journal of 




104.  Bushman BA. Physical Activity Guidelines for Americans: The Relationship 
Between Physical Activity and Health. ACSM’s Health and Fitness Journal. 
2019;23(3):5–9. 
105.  Yang YJ. An Overview of Current Physical Activity Recommendations in Primary 
Care. Korean J Fam Med. 2019;40(3):135–42. 
106.  Innerd P, Catt M, Collerton J, et al. A comparison of subjective and objective 
measures of physical activity from the Newcastle 85+ study. Age and Ageing. 
2015;44(4):691–4. 
107.  Zenko Z, Willis EA, White DA. Proportion of Adults Meeting the 2018 Physical 
Activity Guidelines for Americans According to Accelerometers. Front Public 
Health. 2019;7:135. 
108.  DiPietro L. Physical Activity in Aging: Changes in Patterns and Their Relationship 
to Health and Function. The Journals of Gerontology Series A: Biological 
Sciences and Medical Sciences. 2001;56(Supplement 2):13–22. 
109.  Watson KB, Carlson SA, Gunn JP, et al. Physical Inactivity Among Adults Aged 50 
Years and Older — United States, 2014. MMWR Morb Mortal Wkly Rep. 
2016;65(36):954–8. 
110.  Puciato D, Borysiuk Z, Rozpara M. Quality of life and physical activity in an older 
working-age population. Clin Interv Aging. 2017;12:1627–34. 
111.  Kohl HW. Physical activity and cardiovascular disease: evidence for a dose 
response. Med Sci Sports Exerc. 2001;33(6 Suppl):S472-483; discussion S493-
494. 
112.  Llamas-Velasco S, Villarejo-Galende A, Contador I, Lora Pablos D, Hernández-
Gallego J, Bermejo-Pareja F. Physical activity and long-term mortality risk in 
older adults: A prospective population based study (NEDICES). Prev Med Rep. 
2016;4:546–50. 
113.  Cotter KA, Lachman ME. No strain, no gain: psychosocial predictors of physical 
activity across the adult lifespan. J Phys Act Health. 2010;7(5):584–94. 
114.  Lehto E, Konttinen H, Jousilahti P, Haukkala A. The role of psychosocial factors in 
socioeconomic differences in physical activity: a population-based study. Scand 
J Public Health. 2013;41(6):553–9. 
115.  Brady AO, Straight CR. Muscle capacity and physical function in older women: 





116.  He XZ, Baker DW. Body mass index, physical activity, and the risk of decline in 
overall health and physical functioning in late middle age. Am J Public Health. 
2004;94(9):1567–73. 
117.  Spartano NL, Lyass A, Larson MG, et al. Objective physical activity and physical 
performance in middle-aged and older adults. Experimental Gerontology. 
2019;119:203–11. 
118.  Sternfeld B, Bhat AK, Wang H, Sharp T, Quesenberry CP. Menopause, physical 
activity, and body composition/fat distribution in midlife women. Med Sci 
Sports Exerc. 2005;37(7):1195–202. 
119.  Elavsky S, McAuley E. Physical activity, symptoms, esteem, and life satisfaction 
during menopause. Maturitas. 2005;52(3–4):374–85. 
120.  Middlekauff M, Lee W, Egger MJ, Nygaard IE, Shaw JM. Physical activity patterns 
in healthy middle-aged women. Journal of Women & Aging. 2016;28(6):469–
76. 
121.  Foong YC, Chherawala N, Aitken D, Scott D, Winzenberg T, Jones G. 
Accelerometer-determined physical activity, muscle mass, and leg strength in 
community-dwelling older adults. J Cachexia Sarcopenia Muscle. 
2016;7(3):275–83. 
122.  Goodpaster BH, Chomentowski P, Ward BK, et al. Effects of physical activity on 
strength and skeletal muscle fat infiltration in older adults: a randomized 
controlled trial. Journal of Applied Physiology. 2008;105(5):1498–503. 
123.  Forrest KYZ, Zmuda JM, Cauley JA. Patterns and Correlates of Muscle Strength 
Loss in Older Women. Gerontology. 2007;53(3):140–7. 
124.  Murray MP, Duthie EH., Gambert SR, Sepic SB, Mollinger LA. Age-Related 
Differences in Knee Muscle Strength in Normal Women. Journal of 
Gerontology. 1985;40(3):275–80. 
125.  Hyatt RH, Whitelaw MN, Bhat A, Scott S, Maxwell JD. Association of Muscle 
Strength with Functional Status of Elderly People. Age Ageing. 1990;19(5):330–
6. 
126.  Brill PA, Macera CA, Davis DR, Blair SN, Gordon N. Muscular strength and 
physical function: Medicine & Science in Sports & Exercise. 2000;32(2):412. 
127.  Visser M, Goodpaster BH, Kritchevsky SB, et al. Muscle Mass, Muscle Strength, 
and Muscle Fat Infiltration as Predictors of Incident Mobility Limitations in 
Well-Functioning Older Persons. The Journals of Gerontology Series A: 




128.  Landers KA, Hunter GR, Wetzstein CJ, Bamman MM, Weinsier RL. The 
Interrelationship Among Muscle Mass, Strength, and the Ability to Perform 
Physical Tasks of Daily Living in Younger and Older Women. The Journals of 
Gerontology Series A: Biological Sciences and Medical Sciences. 
2001;56(10):B443–8. 
129.  Barbat-Artigas S, Rolland Y, Cesari M, Abellan van Kan G, Vellas B, Aubertin-
Leheudre M. Clinical Relevance of Different Muscle Strength Indexes and 
Functional Impairment in Women Aged 75 Years and Older. The Journals of 
Gerontology Series A: Biological Sciences and Medical Sciences. 
2013;68(7):811–9. 
130.  Correa-de-Araujo R, Harris-Love MO, Miljkovic I, Fragala MS, Anthony BW, 
Manini TM. The Need for Standardized Assessment of Muscle Quality in 
Skeletal Muscle Function Deficit and Other Aging-Related Muscle Dysfunctions: 




131.  Barbat-Artigas S, Rolland Y, Zamboni M, Aubertin-Leheudre M. How to assess 
functional status: A new muscle quality index. J Nutr Health Aging. 
2012;16(1):67–77. 
132.  Straight CR, Brady AO, Evans EM. Muscle quality and relative adiposity are the 
strongest predictors of lower-extremity physical function in older women. 
Maturitas. 2015;80(1):95–9. 
133.  Delmonico MJ, Harris TB, Visser M, et al. Longitudinal study of muscle strength, 
quality, and adipose tissue infiltration. The American Journal of Clinical 
Nutrition. 2009;90(6):1579–85. 
134.  Francis P, Toomey C, Mc Cormack W, Lyons M, Jakeman P. Measurement of 
maximal isometric torque and muscle quality of the knee extensors and flexors 
in healthy 50- to 70-year-old women. Clin Physiol Funct Imaging. 
2017;37(4):448–55. 
135.  Whaley MH, Brubaker PH, Kaminsky LA, Miller CR. Validity of Rating of 
Perceived Exertion During Graded Exercise Testing in Apparently Healthy 
Adults and Cardiac Patients: Journal of Cardiopulmonary Rehabilitation. 
1997;17(4):261–7. 
136.  Ng S, Fong S, Chan C, et al. Floor transfer test for assessing people with chronic 




137.  Jones CJ, Rikli RE, Beam WC. A 30-s Chair-Stand Test as a Measure of Lower 
Body Strength in Community-Residing Older Adults. Research Quarterly for 
Exercise and Sport. 1999;70(2):113–9. 
138.  Rikli RE, Jones CJ. The Reliability and Validity of a 6-Minute Walk Test as a 
Measure of Physical Endurance in Older Adults. Journal of Aging and Physical 
Activity. 1998;6(4):363–75. 
139.  Rolenz E, Reneker JC. Validity of the 8-Foot Up and Go, Timed Up and Go, and 
Activities-Specific Balance Confidence Scale in older adults with and without 
cognitive impairment. J Rehabil Res Dev. 2016;53(4):511–8. 
140.  Kelly LA, McMillan DG, Anderson A, Fippinger M, Fillerup G, Rider J. Validity of 
actigraphs uniaxial and triaxial accelerometers for assessment of physical 
activity in adults in laboratory conditions. BMC Med Phys. 2013;13(1):5. 
141.  Haarbo J, Gotfredsen A, Hassager C, Christiansen C. Validation of body 
composition by dual energy X-ray absorptiometry (DEXA). Clin Physiol. 
1991;11(4):331–41. 
142.  Valovich-mcLeod TC, Shultz SJ, Gansneder BM, Perrin DH, Drouin JM. Reliability 
and validity of the Biodex system 3 pro isokinetic dynamometer velocity, 
torque and position measurements. European Journal of Applied Physiology. 
2004;91(1):22–9. 
143.  Sole G, Hamrén J, Milosavljevic S, Nicholson H, Sullivan SJ. Test-Retest Reliability 
of Isokinetic Knee Extension and Flexion. Archives of Physical Medicine and 
Rehabilitation. 2007;88(5):626–31. 
144.  Slade JM, Miszko TA, Laity JH, Agrawal SK, Cress ME. Anaerobic Power and 
Physical Function in Strength-Trained and Non-Strength-Trained Older Adults. 
The Journals of Gerontology Series A: Biological Sciences and Medical Sciences. 
2002;57(3):M168–72. 
145.  Müller MJ, Bosy-Westphal A, Later W, Haas V, Heller M. Functional body 
composition: insights into the regulation of energy metabolism and some 
clinical applications. Eur J Clin Nutr. 2009;63(9):1045–56. 
146.  Koster A, Ding J, Stenholm S, et al. Does the Amount of Fat Mass Predict Age-
Related Loss of Lean Mass, Muscle Strength, and Muscle Quality in Older 
Adults? The Journals of Gerontology Series A: Biological Sciences and Medical 
Sciences. 2011;66A(8):888–95. 
147.  Sims ST, Kubo J, Desai M, et al. Changes in physical activity and body 





148.  Juppi H-K, Sipilä S, Cronin NJ, et al. Role of Menopausal Transition and Physical 
Activity in Loss of Lean and Muscle Mass: A Follow-Up Study in Middle-Aged 
Finnish Women. JCM. 2020;9(5):1588. 
149.  Radaelli R, Botton CE, Wilhelm EN, et al. Low- and high-volume strength training 
induces similar neuromuscular improvements in muscle quality in elderly 
women. Experimental Gerontology. 2013;48(8):710–6. 
150.  Spartano NL, Demissie S, Himali JJ, et al. Accelerometer-determined physical 
activity and cognitive function in middle-aged and older adults from two 
generations of the Framingham Heart Study. Alzheimers Dement (N Y). 
2019;5:618–26. 
151.  Pettee Gabriel K, Sidney S, Jacobs DR, et al. Ten-Year Changes in Accelerometer-
Based Physical Activity and Sedentary Time During Midlife: The CARDIA Study. 
Am J Epidemiol. 2018;187(10):2145–50. 
152.  Imboden MT, Welch WA, Swartz AM, et al. Reference standards for body fat 
measures using GE dual energy x-ray absorptiometry in Caucasian adults. PLoS 
ONE. 2017;12(4):e0175110. 
153.  Khabazkhoob M, Emamian MH, Hashemi H, Shariati M, Fotouhi A. Prevalence of 
Overweight and Obesity in the Middle-age Population: A Priority for the Health 
System. Iran J Public Health. 2017;46(6):827–34. 
154.  Dyrstad SM, Hansen BH, Holme IM, Anderssen SA. Comparison of Self-reported 
versus Accelerometer-Measured Physical Activity. Medicine & Science in Sports 
& Exercise. 2014;46(1):99–106. 
155.  Hamilton DF, Giesinger JM, Giesinger K. It is merely subjective opinion that 
patient-reported outcome measures are not objective tools. Bone & Joint 
Research. 2017;6(12):665–6. 
 
